AD  -  A  1 47  354  IONIC  REACTIONS  OF  ATMOSPHERIC  1MHUK  1  ANCt  \  U  1  B 1  KM  1  NliHAM 

UNIV  {ENGLAND)  DEPT  OF  SPACE  RESEARCH  D  SMITH  ET  AL . 

31  AUG  84  AFGL - TR -84-0289 

UNCLASSIFIED  F/G  4/1 

L 

"1 

P 

1 

1_ a 

■ 

J 

MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDARDS-1963-A 


/ 


AFOSR-82-009SA  AUGUST  1984 


\ 


► 


in 

co 

iv 


< 

i 

D 

< 


IONIC  REACTIONS  OF  ATMOSPHERIC  IMPORTANCE 

BY 

DAVID  SMITH  and  NIGEL  G. ADAMS 

DEPARTMENT  OF  SPACE  RESEARCH 
UNIVERSITY  OF  BIRMINGHAM 
BIRMINGHAM  B15  2TT 

31  AUGUST  1984 


INTERIM  SCIENTIFIC  REPORT  NO.l 
COVERING  THE  PERIOD 
1  FEBRUARY  1982  TO  30  JUNE  1984 


APPROVED  FOR  PUBLIC  RELEASE  ;  DISTRIBUTION  UNLIMITED 


PREPARED  FOR  : 


1 


and  : 


UNITED  STATES  AIR  FORCE 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
BUILDING  410,  BOLLING  AFB ,  D.C.  20332 

EUROPEAN  OFFICE  OF  AEROSPACE  RESEARCH 
AND  DEVELOPMENT 
LONDON,  ENGLAND 


84  11  09  040 


REPORT  DOCUMENTATION  PACE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


1.  Report  Number 
AFGL-TR-84-0289 

2.  Govt  Accession  No. 

JD-fH 

3,  Recipient's  Catalog  Nunber 

4.  Title  (end  Subtitle) 

IONIC  REACTIONS  OF  ATMOSPHERIC 

IMPORTANCE. 

5.  Type  of  Report  &  Period  Covered 

INTERIM  SCIENTIFIC  NO  1 

82  Feb  01-84  June  30 

6.  Performing  Org.  Report  Number 

7.  Author(s) 

David  Smith  and  Nigel  Adams 

8.  Contract  or  Grant  Number 

AFOSR-82-0095A 

9.  Performing  Organization  Name  and  Address 

Department  of  Space  Research 

The  University  of  Birmingham 

P  O  Box  363 

Birmingham  B15  2TT,  England. 

10.  Program  Element,  Project,  Task 
Area  &  Work  Unit  Numbers 

2302/G1 

2303/BI 

2301/DI 

11.  Controlling  Office  Name  and  Address 

Air  Force  Geophysics  Laboratory /LKB 

Hanscom  AFB,  MA  01731 

Monitor /John  F. Paulson 

12.  Report  Date 

31  August  1984 

13.  Nunber  of  Pages 

125 

14  Monitoring  Agency  Name  and  Address 

European  Office  of  Aerospace 

Research  and  Development 

London ,  England . 

15. 

Unclassified 

16.  6  17.  Distribution  Statement 

Approved  for  public  release;  distribution  unlimited. 

18.  Supplementary  Notes  , 

19.  Key  Words 

Ionic  Recombination,  Electronic  Recombination,  Electron  Attachment,  Ion- 
Molecule  Reaction,  Flowing  Afterglow  Plasma,  Selected  Ion  Flow  Drift  Tube. 

20.  Abstract 

" — ^ A  variable-temperature  flowing  afterglow/Langmuir  probe  (VT-FALP)  apparatus 
has  been  used  to  study  several  electron-ion  dissociative  recombination  reactic 
and  several  electron  attachment  reactions.  Thus  the  variation  with  temperatui 
of  the  respective  dissociative  recombination  coefficients  and  electron 

attachment  coefficients,6-#^*  have  been  determined.  The  recombination  studies 
have  included  the  species  02+»  NO+,  Nh!j+,  H3+,  HCO+,  N2H+  and  CH^+,  and  the 
attachment  studies  have  included  the  species  CClr^  ,  CCI3F,  CCI2F2 ,  CHCI3, 

CI2,  SFg,  C-C7F14,  CH^Br,  CF^Br ,  CH^Br^  and  CH3I . Some  ion  molecule  reactions 
have  also  been  studied  as  a  function  ot  temperature  and  of  ion-molecule 
centre-of-mass  energy  using  a  variable-temperature  selective  ion  flow  drift 
tube  (VT-SIFDT) . 

CONTENTS 


PREFACE 

I 

II 

III 

APPENDIX 

APPENDIX 

APPENDIX 

APPENDIX 


INTRODUCTION 


SUMMARY  OF  RESULTS 


~i . 


1 


2 


CONCLUSIONS 


4 


1.  MEASUREMENTS  OF  DISSOCIATIVE  5 

RECOMBINATION  COEFFICIENTS  OF 
02+,  N0+  AND  NH4+  IN  THE  TEMPERATURE 
RANGE  200-600  K. 

E.ALGE,  N.G. ADAMS  and  D. SMITH 
J.PHYS.B. ,16,1433,  1983 


2.  MEASUREMENTS  OF  DISSOCIATIVE  RECOMBINATION  18 
COEFFICIENTS  OF  Hg+ , HCO+ ,N2H+  AND  CHg+  AT 
95  AND  30 OK  USING  THE  FALP  TECHNIQUE. 

N.G. ADAMS,  D. SMITH  and  E.ALGE 
J.CHEM.PHYS.  1984.  IN  PRESS. 


3.  ATTACHMENT  COEFFICIENTS  FOR  THE  49 

REACTIONS  OF  ELECTRONS  WITH  CC14 , 
cci3f,  cci2f2,  CHC1, ,ci2  AND  sf6 
DETERMINED  BETWEEN  200  AND  600  K 
USING  THE  FALP  TECHNIQUE. 

D. SMITH,  N.G. ADAMS  and  E.ALGE 
J.PHYS.B.,  J/7,  461,  1984. 


4.  RATE  COEFFICIENTS  FOR  THE  ATTACHMENT  62 

REACTIONS  OF  ELECTRONS  WITH  C-C?F14, 

CH3Br ,  CFgBr ,  CH2Br2  AND  CH.I 
DETERMINED  BETWEEN  200  AND  600  K  USING  THE 
FALP  TECHNIQUE. 

E.ALGE,  N.G. ADAMS  and  D. SMITH 
J.PHYS.B. ,1984,  IN  PRESS. 


APPENDIX  5 


79 


FURTHER  STUDIES  OF  THE  N2++N.-N4+ 
ASSOCIATION  REACTION 
D. SMITH,  N.G. ADAMS  and  E.ALGE 
CHEM.  PH  YS . LETT . ,  105.  317,  1984. 


APPENDIX  6. 


THE  HEAT  OF  FORMATION  OF  C3H2+ 

D. SMITH,  N.G. ADAMS  and  E . E . FERGUSON . 
I NT. J. MASS  SPECTROM  ION  PROCESSES., 
1984,  IN  PRESS. 


APPENDIX  7. 


RATE  COEFFICIENTS  AT  300  K  FOR  THE 
VIBRATIONAL  ENERGY  TRANSFER  REACTIONS 
OF  N2(v=1)  WITH  O2+(v«0)  AND  N0+(v=0). 
E.E. FERGUSON,  N.G. ADAMS ,  D. SMITH  AND 
E.ALGE.  J.CHEM.PHYS. ,  80,  6095,  1984. 


f  APPENDIX  8. 


STUDIES  OF  PLASMA  REACTION  PROCESSES  USING  99 
A  FLOWING  AFTERGLOW/LANGMUIR  PROBE  APPARATUS. 

D. SMITH  and  N.G. ADAMS. 

IN  "SWARMS  OF  IONS  AND  ELECTRONS  IN  GASES” 

EDS .W.LINDINGER,  T. D-MARK  AND  F . HOWORKA, 
SPRINGER-VERLAG,  WIEN,  1984,  PP  284-306. 


(iv) 


PREPACE 


This  work  is  part  of  a  larger  programme  of  ionic  reaction 
studies  at  thermal  energies  conducted  by  the  authors  of  this 
report.  The  overall  programme  includes  studies  of  ion-neutral 
reactions,  ion-ion  recombination,  electron-ion  recombination, 
electron  attachment  and  other  plasma  reaction  processes.  The 
work  is  largely  intended  as  a  contribution  to  the  physics  and 
chemistry  of  natural  plasmas  such  as  the  ionosphere  and  the 
interstellar  medium  and  of  laboratory  plasma  media  such  as  gas 
laser  systems  and  etchant  plasmas.  A  great  deal  of  relevant 
data  has  been  obtained  principally  by  exploiting  the  versatile 
Selected  Ion  Flow  Drift  Tube  (SIFDT)  and  the  flowing 
Afterglow/Langmuir  Probe  (FALP)  techniques  which  were  developed 
in  our  laboratory.  Part  of  the  overall  programme  is  also 
supported  by  a  grant  from  the  Science  and  Engineering  Research 
Council. 

A  major  contribution  to  the  work  described  in  this  report 
has  been  made  by  Dr.  Erich  Alge. 


(v) 


Our  major  commitment  under  the  terms  of  the  grant  is  to 
study  a  range  of  ionic  processes  which  can  occur  at  low 
temperatures  (and  low  interaction  energies)  in  ionized  gases, 
such  as  those  which  occur  in  the  Earth's  atmosphere.  These 
processes  include  1  ion-ion  recombination,  electron-ion 
recombination,  electron  attachment  and  ion-neutral  reactions. 
Such  studies  are  possible  using  the  variable-temperature  flowing 
afterglow/Langmuir  probe  (PALP)  and  the  selected  ion  flow  drift 
tube  (SIFDT)  apparatuses  which  were  developed  in  our  laboratory. 
Prior  to  the  time  period  covered  by  this  report,  we  made  a 
detailed  study  of  ion-ion  recombination  with  the  PALP,  choosing 
for  special  study  reactions  which  are  considered  to  be  important 
in  stratospheric  and  tropospheric  deionization.  This  work  has 
been  reported  in  previous  scientific  reports  and  in  several 
published  research  papers.  It  is  also  summarised  in  the  review 
paper  included  as  Appendix  8  to  this  report. 

During  the  period  of  this  report*.  the  ion-ion 
recombination  studies  have  continued  albeit  at  a  relatively  low 
level  of  effort  since  the  major  effort  has  been  devoted  to 
electron-ion  recombination  and  electron  attachment  studies  as 
well  as  to  some  significant  studies  of  ion-molecule  reactions. 
Thus  we  have  determined  the  dissociative  recombination 
coefficients  as  a  function  of  temperature  for  several  molecular 
ion  species,  including  several  known  atmospheric  and 
interstellar  species.  Also  we  have  measured  the  electron 
attachment  coefficients  for  several  very  efficient  electron 
scavenging  molecules  including  SFs  and  some  Preons.  Some 
important  ion-molecule  reactions  have  been  studied  also, 
including  one  in  which  vibrational  energy  is  transferred  from  a 
neutral  molecule  to  a  molecular  ion,  the  first  reported 
observation  of  this  phenomenon  at  thermal  energy.  The  detailed 
results  of  some  of  these  studies  have  been  reported  in  several 
recent  papers  and  these  are  included  as  Appendices  to  this 
report.  The  following  is.  a  brief  summary  of  the  results. 


(i)  Dissociative  Electron-Ion  Recombination. 

Measurements  were  made  with  the  VT-FALP  of  the 
dissociative  recombination  coef f icients , a,  for  several  species  at 
various  temperatures  within  the  temperature  range  95  to  600  K. 
Initially-,  we  measured  a  for  the  02*+e  reaction,  i.e.  a(02+), 
since  the  absolute  magnitude  of  a(02+)  at  300  K  and  its 
variation  with  temperature  are  well  established.  Our  data  are 
in  excellent  agreement  with  previous  data  and  this  we  believe 
establishes  the  VT-FALP  as  a  technique  for  accurate  a 
determinations.  a  (NO*)  was  also  determined  in  order  to  resolve 
a  long-standing  discrepancy  in  previous  data  regarding  the 
temperature  dependence  of  this  coefficient.  Additionally 
a(NH4+)  was  measured  in  this  initial  study  which  is  reported  in 
detail  in  the  paper  by  Alge,  Adams  and  Smith  (Appendix  1). 

In  a  recent  detailed  study,  a(H3+) ,a(HCO+) ,  a(N2H+)  and 
a(CHs  +  )  have  been  measured  at  95  and  300  K.  This  study  was 
primarily  undertaken  as  a  contribution  to  interstellar  ion 
chemistry,  but  the  results  are  also  very  valuable  in  the  search 
for  an  understanding  of  the  f undamentals  of  dissociative 
recombination.  The  most  surprising  result  of  this  study  is  that 
«(H3+)  is  extremely  small  -  we  were  only  able  to  determine  am 
upper  limit  to  its  magnitude  -  a  result  which  is  in  conflict 
with  previous  experimental  data  but  in  accordance  with  recent 
theoretical  predictions.  This  study  also  showed  that 

a(H3+) <a(HCO+) <a(NaH+) <a(CHs+)  at  both  temperatures  and  that 
both  a(HCO+)  and  a(N2H+)  varied  approximately  as  T"1  whereas 
a(CH6+)  varied  more  slowly  with  temperature  («T~0*3).  The 
experimental  details  and  the  very  interesting  results  of  this 
study  are  reported  in  the  paper  by  Adams,  Smith  and  Alge 
(Appendix  2).  These  studies  of  dissociative  recombination  are 
also  summarised  in  Appendix  8. 

(ii)  Electron  Attachment 

Using  the  VT-FALP,  we  have  measured  the  attachment 
coefficient,^,  for  the  reactions  of  electrons  with  several 
efficient  electron  scavenging  molecules  at  several  temperatures 


within  the  range  2 00  to  600  K.  The  initial  study  (reported  in 
detail  in  the  paper  by  Smith,  Adams  and  Alge  (Appendix  3)) 
involved  CC14,  CC13P,  CC12F2,  CHC13 ,  Cl2  and  SF6.  All  the 
reactions  except  the  SP6  reaction  proceeded  only  via 
dissociative  attachment  producing  Cl~  ions.  Por  the  SFs 
reaction,  SF6”  was  the  major  product  ion  with  SFs~  becoming 
increasingly  important  at  the  highest  temperature.  From  the 
variation  of  0  with  temperature,  activation  energies,  Ea,  were 
derived  for  the  CC12P2,  CHC13  and  Cl2  reactions. 

In  a  more  recent  study,  the  0  for  the  reactions  of 
electrons  with  c-C7P14,CH3Br ,CP3Br ,CH2Br2  and  CH3I  have  been 
determined.  The  0  for  all  these  reactions  increased  with 
increasing  temperature  and  the  Ea  were  determined  in  each  case. 
They  ranged  from  Ea(CHaI)  <>25  meV  to  Ea(CH3Br)  “300  meV.  All 
the  reactions,  except  the  c-C?P14  reaction,  proceeded  via 
dissociative  attachment  generating  the  corresponding  halogen 
atomic  negative  ion.  The  results  of  this  study  are  reported  in 
detail  in  the  paper  by  Alge,  Adams  and  Smith  (Appendix  4). 

(iii)  Ion-Molecule  Reactions 

We  have  studied  a  large  number  of  ion-molecule 
reactions  over  the  temperature  range  80  to  600  K  using  our 
VT-SIFT  and  some  as  a  function  of  ion-molecule  centre-of-mass 
energy,  E^,  using  our  recently-developed  VT-SIFDT.  These 
include  both  binary  and  ternary  reactions.  Much  of  the  data  is 
yet  to  be  properly  appraised;  some  have  been  published  in 
several  papers  some  of  which  are  in  press.  Included  in  this 
report  are  a  recent  detailed  study  of  the  N2++N2  -  N4+ 
association  reaction  by  Smith,  Adams  and  Alge  (Appendix  5),  the 
results  of  a  study  of  some  hydrocarbon  ion  reactions  with  H2  by 
which  the  heat  of  formation  of  C3H2  +  ions  has  been  determined 
(the  paper  by  Smith,  Adams  and  Ferguson  (Appendix  6))  and  a 
study  of  the  reactions  between  N2(v“l)  and  02+(v“0)  and  NO^v-O) 
in  which  vibrational  energy  is  transferred  from  the  neutral 
molecules  to  the  molecular  ions  at  thermal  energies,  the  first 
studies  of  this  kind  which  have  been  carried  out.  This  last 
study  is  described  in  the  paper  by  Ferguson,  Adams ,  Smith  and 
Alge  (Appendix  7). 


Ill 


The  studies  of  electron-ion  dissociative  recombination 
and  electron  attachment  summarised  in  Appendices  1-4  and  8 
clearly  demonstrate  the  great  value  of  the  VT-FAL>P  for  studying 
these  processes  at  thermal  energies.  The  reactions  chosen  for 
study  to  date  were  largely  selected  because  of  their  relevance 
to  atmospheric  and  interstellar  chemistry.  Many  more  such 
reactions  are  in  need  of  study,  including  the  dissociative 
recombination  of  cluster  ions,  slow  attachment  reactions  etc. 
The  PALP  will  continue  to  be  exploited  for  this  purpose.  The 
VT-SIFT  technique  is  now  well  established  as  a  valuable 
technique  for  studying  ion-molecule  reactions  at  thermal 
energies.  The  inclusion  of  a  drift  tube,  thuB  creating  the 
world's  first  VT-SIFDT,  will  result  in  detailed  studies  of 
ion-neutral  reactions  as  a  function  of  temperature  and  ion 
energy. 
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Abstract.  Measurements  are  presented  for  or,.  the  dissociative  recombination  coefi 
with  electrons  of  OJ,  NHJ  and  NO'  under  truly  thermalised  conditions  wit  n 
temperature  range  200-600  K,  using  a  flowing  afterglow /Langmuit  probe  ap,  . 

is  found  to  vary  as  —T  "1  in  close  accord  with  previous  pulsed  afterglo  J 
for  a,(OJ)  and  ae(OJ|  and  with  values  for  orriOj)  inferred  from  ion  trap  aata.  a/Niij  ' 
is  found  to  vary  as  —7"°*.  a, (NO* I  is  found  to  vary  as  — T which  is  reasonably 
consistent  with  previous  pulsed  afterglow  data  for  a, (NO’ ).  These  data  are  also  compared 
with  values  of  o,(NO*|  measured  in  a  pulsed  afterglow  experiment  and  those  derived 
from  ion  trap  and  merged  beam  cross  section  data  and  from  atmospheric  observations 


1.  Introduction 

Dissociative  recombination  reactions  of  molecular  positive  ions  with  electrons  have 
been  studied  for  many  years  because  they  represent  an  important  process  of  loss  of 
ionisation  both  in  laboratory  plasmas  such  as  gaseous  lasers  (Biondi  1976)  and  in 
naturally  occurring  plasmas  such  as  the  ionosphere  and  the  interstellar  gas  clouds  (see 
the  reviews  by  Smith  and  Adams  1980,  1981).  The  primary  objective  of  most  studies 
has  been  to  determine  the  recombination  coefficients,  a,  for  particular  positive  ion 
species  and  the  way  they  vary  either  with  the  electron  temperature  Tc  when  Tc  >  T+, 
Tt,  denoted  in  this  paper  as  ac,  or  under  thermal  equilibrium  conditions  such  that 
Te  =  T*  =  Tt  (the  electron,  ion  and  gas  temperatures  respectively),  denoted  as  a,. 
Notable  amongst  the  many  techniques  used  for  these  studies  are  the  pulsed  (time- 
resolved)  afterglow  technique  (Frommhold  el  al  1968,  Weller  and  Biondi  1968)  for 
determining  a,  and  ac,  and  the  ion  trap  technique  (Walls  and  Dunn  1974,  Heppner 
et  al  1976)  and  merged-beam  technique  (Auerbach  el  al  1977,  Mull  and  McGowan 
1979)  for  measuring  the  variation  of  the  recombination  cross  section,  trE,  with  electron 
energy. 

In  this  paper  we  report  the  results  obtained  for  at  for  the  following  reactions: 

Oj  +  e  —  O  +  O  (1) 

NO*  +e  — » N+O  (2) 

NH<  +e  — *  products.  (3) 

Reactions  (1)  and  (2)  are  of  great  significance  in  the  ionosphere  but  while  good 
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agreement  exists  between  the  data  obtained  with  various  techniques  for  reaction  (1) 
that  for  reaction  (2)  is  still  disputed. 

We  have  obtained  these  data  using  a  new  variable-temperature  flowing  after¬ 
glow/Langmuir  probe  (falp)  apparatus,  similar  to  that  previously  used  to  determine 
positive-ion-negative-ion  neutralisation  rate  coefficients  at  thermal  energies  (see  the 
review  by  Smith  and  Adams  1983). 


2.  Experimental 

The  fai.p  technique  has  been  described  in  detail  in  previous  papers  (Smith  et  a)  1 975. 
Smith  and  Church  1976,  Smith  and  Adams  1983)  and  so  it  is  only  necessary  to  outline 
its  general  features  and  to  highlight  those  modifications  to  the  apparatus  which  were 
required  before  the  rapid  process  of  dissociative  recombination  could  be  studied 
accurately.  The  essential  elements  of  the  apparatus  are  illustrated  in  figure  lta  i.  A 
carrier  gas,  usually  helium,  is  introduced  into  a  stainless  steel  flow  tube  approximatch 
1  m  long  and  8  cm  in  diameter  and  is  constrained  to  flow  down  this  tube  bv  the  action 
of  a  Roots  pump.  Ionisation  is  created  in  a  microwave  discharge  upstream  in  the 
carrier  gas  and  an  afterglow  plasma  containing  He',  electrons  and  He"  is  distributed 
along  the  length  of  the  flow  tube.  Typical  carrier  gas  pressures  ranged  from  0.6  to 
l.OTorr  and  the  electron  densities,  nc,  established  in  the  afterglow  plasma  could  be 
varied  up  to  a  maximum  of  about  7xlOI0cnT3.  The  absolute  electron  land  ioni 
densities  and  the  electron  temperature  can  be  measured  at  any  point  along  the  axis 


Distance, rlcml 


Figure  1.  {a)  Schematic  representation  of  the  falp  experiment,  including  details  of  tin- 
gas  inlet  ports,  diagnostic  instruments,  etc.  ( b )  Typical  electron  density  profile  along  the 
flow  tube  during  dissociative  recombination  studies. 
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of  the  flow  tube  using  a  movable  Langmuir  probe  (see  e.g.  Smith  and  Plumb  1972, 
Smith  et  al  1975). 

Argon  is  introduced  through  the  axial  port  A  (see  figure  1  (a ))  to  destroy  the  Hem 
thus  eliminating  a  source  of  ionisation  in  the  afterglow.  Also  any  He2  formed  in 
three -body  reactions  between  He*  and  He  will  be  rapidly  converted  to  Ar*.  The 
reactant  molecular  ions  are  formed  by  the  addition  of  a  suitable  gas  via  either  of  the 
‘ring  ports’  R,  or  R2.  These  ring  ports  were  designed  to  minimise  the  mixing  length, 
e,  (often  termed  the  ‘end  correction’  in  flow  tube  experiments)  which,  for  an  axial 
port  such  as  A,  is  too  extensive  for  dissociative  recombination  studies  (see  figure  1  ( a )). 
Ri  and  R2  consist  of  2  mm  diameter  stainless-steel  tubing  in  the  form  of  a  ring  of 
diameter  3  cm  positioned  symmetrically  about  the  axis  of  the  flow  tube.  A  series  of 
small  holes  (diameter  0.5  mm)  drilled  in  the  upstream-facing  part  of  the  ring  direct 
the  effusing  reactant  gas  against  the  carrier  gas  flow.  This  simple  procedure  reduces 
f  to  about  1  to  2  cm  depending  on  the  flow  rates  of  the  reactant  and  the  carrier  gases 
(for  an  axial  port  such  as  A,  f  —  10  cm).  The  extent  of  r  can  he  estimated  visuallv 
by  observing  the  light  emitted  from  the  afterglow  following  the  addition  of  reactant 
gas  and  by  inspection  of  the  reciprocal  electron  density  plots  (see  figure  2ib  M.  Changes 
in  the  ion  compositions  of  the  plasmas  (both  positive  and  negative  lonsi  were  con¬ 
tinuously  monitored  by  the  downstream  quadrupole  mass  spectrometer  /ion  detection 
system. 

Prior  to  the  addition  of  the  reactant  gas  the  only  loss  process  for  ionisation 
downstream  of  port  A  is  due  to  ambipolar  diffusion  of  He'  and  Ar'  ions  with  electrons 
This  is  always  the  situation  between  ports  A  and  Ri  and,  at  the  pressures  of  the 
experiments,  results  in  a  slow  exponential  decrease  in  ne  with  distance,  c,  along  the 
flow  tube  as  is  illustrated  in  figure  1(b)  (all  z  distances  are  referenced  to  the  down¬ 
stream  mass  spectrometric  sampling  orifice).  The  addition  of  molecular  gas  into  Ri 
initiates  a  sequence  of  ion-molecule  reactions  which  generate  a  terminating  molecular 
ion  species.  This,  at  suitably  high  nt  (and  n+,  the  molecular  positive  ion  density),  then 
results  in  a  more  rapid  decrease  of  nc  with  z  due  to  the  onset  of  recombination  (figures 
1(A)  and  2(a)).  Thus  the  afterglow  plasma  becomes  recombination  controlled  in  this 
region  but  further  downstream  where  nc  has  decreased  to  sufficiently  small  values, 
the  plasma  will  again  become  diffusion  controlled  as  illustrated.  By  measuring  nc  as 
a  function  of  z  coupled  with  a  measurement  of  the  plasma  flow  velocity,  t>p,  (which 
is  typically  104  cm  s  1  and  is  measured  by  pulse  modulating  the  microwave  discharge — 
see  Adams  et  al  1975),  both  diffusion  coefficients  and  recombination  coefficients  can 
be  determined  separately.  When  both  ambipolar  diffusion  and  recombination  are 
occurring  simultaneously  in  the  plasma,  the  appropriate  continuity  equation  for  nz  is: 

dne  _  2 

Up— =  D.V  nt-a,n+nt  (4) 


where  D,  is  the  ambipolar  diffusion  coefficient.  To  determine  a,  it  is  desirable  to 
ensure  that  recombination  is  the  only  significant  loss  process.  This  can  be  accomplished 
by  operating  at  high  helium  pressure  (to  diminish  diffusive  loss)  and  at  high  nc  (to 
enhance  recombination  loss).  Under  these  conditions  the  diffusion  term  in  equation 
(4)  can  be  neglected  and  the  solution  to  the  continuity  equation  becomes: 


1  1  _a  i 

ne(z,)  ne(zz)  Up 


(5) 
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Figure  2.  Electron  density  profiles  (a)  and  the  corresponding  reciprocal  density  il/n.) 
plots  (A)  obtained  at  a  helium  pressure  of  0.6Torr  and  a  temperature  of  295  K.  (a)  A. 
diffusion  controlled  afterglow  plasma  (He*,  Ar*,  electrons),  i.e.  no  reactant  gas  has  been 
added.  Upon  addition  of  sufficient  reactant  gas  through  port  R,  (see  figure  1(a))  the 
afterglow  plasma  becomes  recombination  controlled  (full  symbols):  •,  plasma  containing 
only  OJ  ions;  ■,  plasma  containing  both  NHj.(NHj)a  and  NHJ.(NHj)j  ions.  (A)  The 
reciprocal  electron  density  plots  corresponding  to  the  recombination  controlled  profiles 
of  (a). 


A  plot  of  1  /nc(z)  against  z  then  provides  a  value  for  at.  As  examples,  plots  of  nc 
against  z  are  given  in  figure  2(a)  for  the  relatively  slowly  recombining  02  ions  and 
for  the  rapidly  recombining  NH4.(NH3)2.3  cluster  ions.  Note  the  increase  in  the 
gradient  of  nc  immediately  downstream  of  the  port  Rj,  especially  for  the  cluster  ion 
reaction.  This  indicates  that  a,  for  this  reaction  is  larger  than  that  for  the  02  reaction. 
When  n,  becomes  sufficiently  small  the  plasma  will  become  diffusion  controlled  again 
as  is  best  demonstrated  by  the  cluster  ion  curve  in  figure  2(a).  These  data  are  replotted 
in  figure  2(b)  as  l/ne  against  z  and  the  linearity  of  these  plots  is  a  clear  indicator  of 
loss  of  ionisation  by  recombination.  It  should  be  appreciated  that  for  these  plots  to 
be  taken  as  evidence  for  a  recombination  controlled  plasma  they  should  be  linear 
over  at  least  two  factors  of  two  (x4)  and  preferably  three  factors  of  two  (x8)  change 
in  n,  (Gray  and  Kerr  1962).  As  can  be  seen  in  figure  2(b)  these  data  (as  do  a  the 
data  obtained  in  this  study)  satisfy  this  criterion.  Note  also  the  very  rapid  conversion 
from  a  diffusion  dominated  plasma  upstream  of  Rj  to  a  recombination  dominated 
plasma  downstream  which  indicates  a  small  t  (and  shows  the  value  of  the  new  port 
design). 

The  falp  technique  can  be  used  to  determine  the  recombination  coefficient  for 
any  positive  ion  which  can  rapidly  be  established  as  the  only  recombining  species  in 
the  plasma  (as  determined  using  the  mass  spectrometer).  However  great  care  must 


-  9  - 


Dissociative  recombination  of  O2,  SO*  and  NH* 


1437 


be  exercised  when  interpreting  mass  spectra  obtained  from  a  recombining  plasma 
since  the  recombination  process  preferentially  removes  rapidly  recombining  ions. 
Thus  atomic  ions,  wh;ch  do  not  recombine  with  electrons  at  an  appreciable  rate,  may 
often  be  dominant  components  in  the  downstream  region  of  the  plasma  even  though 
they  are  not  the  most  important  components  of  the  plasma  in  the  upstream  region. 
To  account  for  this  potential  problem,  port  R2  was  specifically  included  in  the 
apparatus  and  sited  much  closer  to  the  mass  spectrometer  sampling  orifice.  Thus  the 
reactant  gas  could  be  routed  between  R]  and  R2  in  order  to  investigate  changes  in 
the  ion  composition  of  the  plasma  with  z.  Also  as  a  routine  procedure  when  determin¬ 
ing  the  identity  of  the  recombining  ions,  nr  was  reduced  to  values  at  which  dissociative 
recombination  was  negligible. 

The  falp  apparatus  can  be  operated  between  the  temperature  limits  80  to  600  K 
by  the  use  of  refrigerant  liquids  or  ohmic  heaters.  Most  of  the  data  reported  here 
were  obtained  over  the  range  200  to  600  K,  since  at  lower  temperatures  ion  clustering 
reactions  occurred  rapidly  (e.g.  generating  O2.O2,  NO". NO  etc).  The  experiment'- 
were  conducted  under  conditions  such  that  Tc  =  T+  =  7"„  =  T  and  thus  a,  was  obtained 
for  each  reaction  studied.  The  removal  of  the  He"’  and  the  addition  of  the  molecular 
reactant  gas  ensured  that  the  electrons  were  thermalised  at  the  gas  temperature.  Thi' 
we  have  established  from  previous  detailed  studies  of  electron  temperature  relaxation 
rates  in  a  falp  apparatus  (Dean  et  al  1974)  by  exploiting  the  Langmuir  probe  to 
determine  Te. 

We  confidently  expect  the  reactant  ions  in  these  experiments  to  be  in  their  ground 
electronic  and  equilibrium  vibrational/rotational  states  at  each  particular  gas  tem¬ 
perature  (which  was  measured  by  calibrated  thermocouples  immersed  in  the  gas). 
This  we  believe  to  be  so  because,  although  the  molecular  ions  on  production  are 
almost  certainly  excited,  they  will  undergo  resonance  charge  or  proton  transfer  with 
their  parent  molecules  which  is  known  to  quench  both  electronic  and  vibrational 
excitation  effectively  (see  Albritton  1979,  Lindinger  et  al  1981),  as  for  example: 

(O2T  +  O2-*  O2+O2*.  (6) 

Rotational  relaxation  is  ensured  by  the  high  collision  frequency  of  the  molecular  ions 
with  the  ambient  helium  atoms. 

The  absolute  values  of  the  measured  recombination  coefficients  are  estimated  to 
be  subject  to  an  uncertainty  of  not  more  than  ±15%.  The  main  contribution  to  this 
error  figure  arises  from  the  uncertainty  in  the  current  collecting  area  of  the  probe 
which  is  reflected  directly  in  the  nt  values  (=£10%).  Smaller  contributions  are  due  to 
inaccuracies  in  the  measured  plasma  velocity  and  in  the  derived  best  fit  slopes  of  the 
\/nt  against  z  plots.  Since  the  uncertainty  in  the  probe  area  represents  a  systematic 
error  then  the  relative  values  of  a,  are  subject  to  an  error  of  not  more  than  ±10%. 


3.  Results 
3.1.  O2  +e 

The  Oj  ions  were  created  by  adding  O2  into  the  afterglow  via  port  Rt  thus  initiating 
the  reactions: 
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The  O2  was  added  in  sufficient  concentration  (~5xlOu  molecules/cm*)  to  ensure 
that  these  reactions  completely  converted  the  He*  and  Ar*  into  O2  in  a  distance  of 
about  1  to  2  cm  along  the  flow  tube,  but  insufficient  to  convert  the  O2  ions  to  O2O2 
cluster  ions  via  three-body  association  (Adams  et  at  1970,  Good  1975).  Association 
reactions  become  increasingly  rapid  with  decreasing  temperature  and  therefore  ion 
clustering  is  potentially  troublesome  at  low  temperatures  (see  below).  a,(OJ)  was 
determined  at  temperatures  of  205,  295,  420,  530  and  590  K  from  reciprocal  density 
plots  of  the  kind  shown  in  figure  2(b)  and  the  values  obtained  are  presented  in  the 
log-log  plot  in  figure  3.  Over  this  temperature  range  a,( O2 )  conforms  approximately 
to  a  power  law  of  the  form: 


«,(O;)=1.95xl0-7(~) 


cm3  s  '. 


(8) 


rim 

Figure  3.  Temperature  dependence  of  ihe  recombination  coefficient  a,(C>2)  (see  text). 
The  line  is  drawn  through  the  present  falp  values  (9).  The  various  data  of  Kasner  and 
Biondi  (1968)  are  indicated  as:  O,  obtained  in  Ne/Oj  mixtures;  □,  obtained  in  Ne/Kr/Oj 
mixtures. 


Also  included  in  figure  3  are  the  data  obtained  by  Kasner  and  Biondi  (1968)  using 
the  pulsed  afterglow  technique  and  it  can  be  seen  that  the  data  from  the  two 
experiments  are  in  good  agreement  above  300  K  and  indicate  essentially  the  same 
temperature  variation.  However,  at  low'-r  temperatures  the  pulsed  afterglow  values 
are  somewhat  larger  than  the  present  value  which  may  be  a  manifestation  of  ion 
clustering  in  the  higher  pressure  pulsed  afterglow  experiment  (Biondi  and  co-workers 
have  shown  that  cluster  ions,  including  O2.O2,  generally  have  larger  recombination 
coefficients,  see  e.g.  Biondi  1973 — see  also  below).  A  dependence  of  order  T”07  for 
a«(Oj)  was  also  obtained  in  the  pulsed  afterglow  experiment  of  Mehr  and  Biondi 
(1969).  Walls  and  Dunn  (1974)  using  their  ion  trap  technique  obtained  relative  values 
of<rE(02*)  down  to  electron  energies  of  0.2  eV.  The  best  fit  line  to  their  data  indicated 
an  E~* 16  variation  for  <rE  at  the  lowest  energies  (which  approximates  to  an  a,  variation 
of  ~T~066)  which  is  in  good  agreement  with  the  afterglow  results.  Data  obtained  by 
Mul  and  McGowan  (1979)  for  o-E(Oj)  using  the  merged  beam  technique  agree  within 
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error  with  the  ion  trap  data  but  indicate  a  variation,  i.e.  a  somewhat  weaker 
temperature  dependence  for  a.(Oj)  (—  T~os).  Thus  the  variation  with  temperature 
of  both  o,(02 )  and  ae(02 )  are  quite  similar,  the  bulk  of  the  data  indicating  a  common 
dependence  proportional  to  T~01  at  low  temperatures.  The  aJOj)  temperature 
dependence  becomes  slightly  weaker  at  higher  temperatures  (Mehr  and  Biondi  1969, 
Tott  and  Torr  1978,  Mul  and  McGowan  1979). 

Theoretical  descriptions  of  dissociative  recombination  distinguish  between  a  ‘direct’ 
process  and  an  ‘indirect’  process  (see  the  review  by  Bardsley  and  Biondi  1970).  For 
the  direct  process,  in  which  the  electron  is  envisaged  to  be  captured  directly  into  a 
repulsive  state  of  the  neutral  molecule,  at  (and  a,)  is  predicted  to  vary  as  77° 5  at 
the  low  temperatures  of  the  present  experiment.  The  indirect  process  is  envisaged  to 
proceed  via  a  vibrationally  excited  Rydberg  level  of  the  neutral  molecule  from  which 
predissociation  occurs  and  then  ae  is  predicted  to  vary  as  Te  ’  \  The  combined 
experimental  results  for  O2  indicate  that  the  direct  process  is  favoured  in  the  low- 
temperature  regime  but  with  some  small  contribution  due  to  the  indirect  process. 


3.2.  NHl  +e 

The  NHl  ions  were  created  by  adding  ammonia,  NH3.  to  the  afterglow  plasma  via 
port  R,  thus  initiating  the  following  reaction  sequences: 

He"  NH3  ,  NH, 

+ - ►  fragment  ions,  NH 2,  NHS - »NH4.  (9 ) 

Ar 

For  these  studies,  sufficient  NH3  was  added  to  produce  the  NH,  ions  rapidly  but 
insufficient  to  generate  ion  clusters  of  the  kind  NH^  .(NH3)„.  In  associated  experiments 
these  cluster  ions  were  deliberately  produced  (see  below).  a,(NHl)  was  determined 
at  temperatures  of  295,  415,  460,  540  and  600  K  and  the  values  obtained  are  plotted 
as  a  function  of  temperature  in  figure  4.  Note  that  cr,(NH« )  is  typically  about  an  order 


riK) 

Figure  4.  Temperature  dependence  of  the  recombination  coefficient  o,(NHi)  (see  text). 
The  line  is  drawn  through  the  present  results  (•).  The  data  of  Huang  rt  al  (1976)  for 
a,(NHl)  are  indicated  by  O.  Also  included  are  recombination  coefficients  for  cluster  ions: 
Cl  NHj.fNHjb;  B.  NHj.(NH3)3  due  to  Huang  er  al  (1976);  T,  present  results  for  a 
mixture  of  NH;.<NH3)j  and  NH;.(NH3)j. 
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of  magnitude  greater  than  a,(Oj).  No  measurements  were  made  at  200  K  in  our 
experiments  since  at  this  lower  temperature  ion  clustering  prevented  the  creation  of 
a  plasma  containing  only  NHj  and  electrons.  er,(NHl)  over  this  more  limited  tem¬ 
perature  range  can  approximately  be  described  by  the  power  law: 

(300\ 06 

— J  cm3  s'1.  (10) 

This  T~0b  dependence  implies  that  the  direct  recombination  process  is  dominant  in 
this  reaction.  Also  included  in  figure  4  are  the  pulsed  afterglow  data  of  Huang  et  al 
(1976);  note  the  good  agreement  between  these  data  and  the  present  data  at  about 
300  and  400  K.  However  the  pulsed  afterglow  value  at  about  200  K  is  somewhat 
larger  than  that  based  on  a  T  0  6  variation;  this  could  be  due  to  insufficient  correction 
to  the  data  to  account  for  the  presence  in  these  experiments  of  the  more  rapidly 
recombining  cluster  ions.  In  a  subsidiary  experiment  at  300  K  we  were  able  to  establish 
an  equilibrium  concentration  ratio  of  NHI.(NHj)2  and  NHl.fNHih  ions  in  the 
afterglow  by  adding  excess  NH3.  Recombination  proceeded  even  more  rapidlv  than 
for  NHi  ions  and  a  composite  a,  for  the  recombination  of  these  cluster  ions  o! 
2.8 xl0~6 cm’s  1  was  obtained,  the  largest  value  obtained  to  date  for  any  reaction 
studied  in  our  experiments.  This  value  is  in  excellent  agreement  with  that  obtained 
by  Huang  et  al  for  NH4.(NH3)2  cluster  ions  at  300  K  and  very  similar  to  that  for 
NH4.(NHj>3  cluster  ions  at  200  K  (see  figure  4). 

The  NHl  reaction  has  also  been  studied  in  the  ion  trap  experiment  by  DuBois  et 
al  (1978).  To  convert  the  orE(NHl)  data  to  ac  values,  assumptions  had  to  be  made 
on  the  form  of  <rE  at  near-thermal  energies.  The  uncertainty  in  the  form  of  (NH4 ) 
at  low  energies  makes  it  hazardous  to  estimate  ac(NHi)  from  these  data.  However 
based  on  a  T~06  variation  of  ac(NH4),  the  absolute  magnitudes  of  the  estimated 
ac(NH^)  values  in  the  thermal  energy  range  are  about  a  factor  2  smaller  than  the 
afterglow  values. 


3.3.  NO*  +e 


The  NO*  ions  were  created  by  adding  nitric  oxide,  NO,  to  the  afterglow  initiating 
the  reactions: 


He* 

Ar* 


NO  „  NO 
- *  N  - 

NO 


NO* 

J 


(11) 


It  is  known  that  the  Ar*  +  NO  reaction  generates  NO*  in  the  metastable  a  3£*  state 
(Dotan  et  al  1979),  but  the  excess  NO  present  in  the  plasma  ensures  that  the  NO* 
is  rapidly  quenched  to  the  vibronic  ground  state  via  charge  exchange  with  NO  (see 
§2).  Formation  of  the  cluster  ions  NO*, NO  (which  most  readily  occurs  at  the  lower 
temperatures)  was  prevented  by  limiting  the  amount  of  NO  introduced  into  the  plasma. 
Also  it  was  necessary  to  condense  out  traces  of  nitric  acid,  HN03,  from  the  NO 
before  it  was  introduced  into  the  plasma,  since  its  presence  would  result  in  the  loss 
of  electrons  in  attachment  reactions  to  form  negative  ions  and  would  therefore  distort 
the  dissociative  recombination  data.  It  was  confirmed  mass  spectrometrically  that 
attachment  was  not  occurring,  a, (NO*)  was  determined  at  205,295,465  and  590  K 
and  the  values  obtained  are  presented  in  figure  5.  It  can  be  seen  that  the  variation 
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7.  T, IK  I 


Figure  5.  Temperature  dependences  of  a, (NO' I  and  a, (NO'  I.  Dnectis  measured  ra:. 
coefficients.  tr,(NO'):  •.  present  results,  with  error  bars.  )oined  hv  full  line.  'Z.  Weller 
and  Bmndi  (1968)  and  O,  Huang  et  al  (1975)  joined  by  short  dashes  n.iNO'i  --  . 
Huang  et  al  (1975),  measured  at  T.-T,=  380  K  Derived  rate  coefficients,  a,(NO'i 

. ,  from  Walls  and  Dunn  (1974),  using  rrf(NO' )  data  and  assuming  two  different 

forms  of  erf  (NO')  at  low  energies — see  text; - .  from  Mu!  and  McGowan  1 197V ,. 

using  trc(NO')  data  obtained  at  low  energies  at  which  the  energy  scale  is  subject  to  larger 
errors;  A.  Torr  er  al  (1977),  from  satellite  data. 


of  a, (NO*)  over  this  temperature  range  can  be  described  by  the  power  law: 

/  Tf)0\  09 

a,(NO*)  =  4.0xlO  7(-^J  cm’s'1.  (12) 

Also  included  in  figure  5  are  the  pulsed  afterglow  values  for  a, (NO*)  measured 
by  Weller  and  Biondi  (1968),  and  for  both  a, (NO*)  and  ot(NO*)  measured  by  Huang 
et  al  (1975).  These  a, (NO*)  data  are  in  agreement  with  our  data  within  the  error 
limits  of  the  experiments,  except  perhaps  again  for  the  lowest  temperature  at  which, 
in  the  higher  pressure  pulsed  afterglow  experiments,  effects  due  to  clustering  would 
be  most  significant.  It  was  confirmed  mass  spectrometrically  that  cluster  ions  were 
not  present  in  our  NO*/eIectron  flowing  afterglow  plasmas.  The  data  of  Huang  et  al 
(1975)  indicate  that  a,(NO*)  departs  from  the  power  law  appropriate  to  a, (NO*)  to 
a  less  rapid  variation  (~T*0  37)  at  elevated  7*t.  It  is  clear  that  the  value  of  a, (NO*) 
determined  in  our  experiment  at  590  K  is  significantly  smaller  than  the  corresponding 
value  of  a,(NO*)  at  Tt  =  590  K  and  it  is  unfortunate  that  our  experiment  cannot  be 
operated  at  higher  temperatures  to  check  if  this  divergence  of  o,(NO*)  and  ac(NO*) 
is  maintained  at  higher  temperatures. 

Values  of  ae(NO*)  have  been  derived  by  Walls  and  Dunn  (1974)  from  their 
o-e(NO*)  ion  trap  data  extrapolated  on  the  basis  of  two  different  energy  variations  of 
cte,  i.e.  according  to  oe  -~E~  s,  and  tooE  ~£"1,5  changing  to£_I  below  0.01  eV.  Mul 
and  McGowan  (1979)  have  also  determined  o-e(NO*)  using  the  merged  beam  technique 
and  have  obtained  a  <te  ~~  El  dependence  within  the  centre-of-mass  electron  energy 
range  0.009  to  0.1  eV.  Thus  they  also  derived  a.(NO*)  and  these  values  together 
with  the  ion  trap  data  are  reproduced  in  figure  5.  Since  the  <7e(NO*)  from  the  two 
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experiments  are  in  close  accord  in  the  overlapping  energy  range  (>0.05  eV)  then  the 
differences  in  the  derived  ae(NO*)  must  be  due  to  the  energy  dependence  for  o£(NO*) 
used  at  lower  energies  to  calculate  a,  (NO*)  at  low  temperatures.  The  form  of  tr£  at 
low  energies  is  not  readily  determined  because  of  the  difficulty  in  accurately  defining 
the  centre-of-mass  energies  below  0.1  eV  in  ion  beam  experiments  (e.g.  see  Froelich 
et  al  1983).  Thus  larger  inaccuracies  are  inevitably  introduced  into  calculations  of  at 
at  low  temperatures. 

As  can  be  seen  from  figure  5,  these  derived  ae(NO*)  values  encompass  the 
measured  a, (NO*)  values  but  clearly  the  extremes  of  ae(NO*)  are  outside  the  errors 
in  the  present  values  of  <*i(NO*).  Therefore  when  a,  values  are  required  it  is  best  to 
measure  them  directly,  as  was  accomplished  in  the  afterglow  experiments,  rather  than 
to  infer  them  from  cross  section  data.  Notwithstanding  this  comment,  figure  5  shows 
that  at  the  highest  temperatures,  the  present  afterglow  data,  the  ion  trap  data  and 
the  merged  beam  data  converge  towards  common  values  for  a, (NO*)  and  ac(NO*  i. 
Also  in  agreement  with  these  data  are  the  values  of  a,(NO*)  derived  bv  Torr  et  al 
(1977)  from  ionospheric  observations.  Note  that  the  absolute  values  of  a, (NO* )  a! 
about  600  K  determined  in  our  experiment  are  in  very  good  agreement  with  those 
derived  from  the  ionosphere  data.  This  is  to  be  expected  if  the  ions  in  the  ionosphere 
are  largely  in  their  ground  electronic  and  vibrational  states  which,  although  not 
positively  proved,  is  a  reasonable  assumption  in  view  of  the  short  lifetime  of  vibra 
tionally  excited  NO*  in  the  ionosphere  (Torr  and  Torr  1978).  Torr  et  al  ( 1 977 1  give 
a  best  fit  to  their  data  as: 

(30G\°'8S 

— )  cmV1  (13) 

which  is  remarkably  similar  to  our  results  for  at(NO*). 

On  balance  then  it  appears  that  a, (NO*)  varies  as  about  7"09  within  the  tem¬ 
perature  range  200  K  *£  T  600  K  and  also  at(NO*)  varies  as  approximately  77°  9 
for  7*,  up  to  2000  K  or  so.  The  reasons  why  the  pulsed  afterglow  «,(NO*)  data  are 
not  consistent  with  this  are  not  obvious  but  may  relate  to  the  uncertainties  in  determin¬ 
ing  Tc  in  these  plasmas  when  it  exceeds  T*  and  Ts.  A  7*-09  variation  for  a  (NO*)  is 
greater  than  that  for  O2  and  NH^  and  might  indicate  a  greater  involvement  of  the 
indirect  recombination  mechanism  in  this  reaction. 


4.  Conclusions 

The  accumulated  data  for  o,(Oj)  are  in  close  accord  in  magnitude  and  are  consistent 
with  a  variation  proportional  to  T~° 7  within  the  range  200 Ksfs 600 K.  Most 
of  the  available  ae(02)  data  suggest  a  similar  77° 7  variation  up  to  7,  =  5000  K.  It 
is  reasonable  to  expect  that  «,  =  ae  at  low  T  (or  7*e)  (^1000  K),  where  vibrational 
excitation  of  the  molecular  ions  is  minimal,  and  thus  at  these  temperatures  a  common 
variation  proportional  to  T*-0'7  is  appropriate.  Departures  from  this  rather  simple 
situation  can,  however,  be  expected  at  higher  temperatures  where  vibrational  excita¬ 
tion  becomes  significant  (see  e.g.  Bardsley  1983).  Data  for  a,(NH«)  and  o,(NHi) 
are  sparse.  The  present  a,(NHj )  data  suggests  a  variation  proportional  to  T* 0  6  within 
the  range  300  K  «  T  «  600  K  but  within  error  this  is  indistinguishable  from  the  7*  0  5 
variation  theoretically  predicted  for  the  direct  mechanism  of  dissociative  re¬ 
combination.  The  present  data  for  a, (NO*)  indicates  a  variation  proportional  to  T" 0  9 
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in  the  range  200  K  «  T  600  K  and  the  a.(NO*)  derived  from  ionosphere  observations 
indicate  a  77°  *5  variation  within  the  range  600  K  «£  Tc  *£  2500  K.  The  present  a,(NO*) 
values  and  the  ae(NO*)  values  derived  from  the  ionospheric  data  and  from  the  ion 
trap  and  merged  beam  crE(NO*)  data  converge  towards  common  values  above  600  K. 
Significant  differences  are  apparent  between  the  measured  a, (NO*)  and  the  derived 
ae(NO*)  at  lower  temperatures;  these  differences  are  probably  due  to  difficulties  in 
accurately  establishing  the  centre-of-mass  electron  energies  at  very  low  energies  (see 
e.g.  the  data  given  in  Mul  and  McGowan  1979  and  Froelich  et  al  1983),  and  the 
associated  uncertainties  in  determining  crE  at  these  very  low  energies.  Whilst  aE  values 
are  clearly  more  fundamental  parameters  than  a,  or  at  values,  the  latter  parameters 
are  of  greater  practical  value  in  de-ionisation  rate  calculations  in  plasmas  such  as  the 
ionosphere  (which  is  the  rational  for  many  of  these  measurements!.  An  important 
conclusion  to  be  drawn  from  the  data  presented  in  this  paper  is  that  it  is  preferable 
to  measure  a,  and  ae  directly  when  this  is  practicable.  Unfortunately  this  is  not  always 
possible  and,  even  when  it  is,  then  the  range  of  temperatures  over  which  such  studies 
can  be  carried  out  is  rather  limited.  Then  it  is  necessary  to  derive  ar  from  a F  data. 
However,  as  the  data  of  figure  5  illustrate,  this  procedure  has  limitations  in  that  thi 
values  of  ar  derived  at  low  temperatures  using  this  procedure  are  subject  to  appreciable 
errors. 
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ABSTRACT 


Measurements  are  presented  of  the  dissociative  recombination 

coefficients,  for  reactions  of  electrons  with  D^+,  HCO+, 

DCO+,  N_H+,  N„D+  and  CHc+  ions  at  95  and  300  K.  The  measurements 
d  d  5 

were  made  under  truly  thermalised  conditions  using  a  flowing 
afterglow  (FALP)  apparatus.  Contrary  to  previous  stationary  afterglow 
(SA)  studies,  ^  (H^+)  was  f°unc^  be  immeasurably  small  (£  2  (-8) 
cm"^s  1  )  at  both  temperatures  which  is  consistent  with  recent 
theoretical  predictions.  However  some  evidence  was  obtained  indicating 
that  vibrationall y-exci ted  H^+  recombined  efficiently,  which  is  a: sc 
in  accordance  with  the  recent  theory.  AT  300  K,  ;hc:*  .  = 

cm  s  and  ( N„H  )  =  1.7  (-7)  cm  's  and  botn  were  larger  t  y  a 

factor  of  three  at  95  K.  (CHc+)  =  1.1  (-0)  cr.'V '  a:  ??;  and 

^  J 

1.5  (-6)  cm^s  1  at  95  K.  The  (HC0+)  data  arc-  compared  with 
previous  SA  data  and  the  (N„H+)  and  (X .  {CH+ )  data  are  discussed 

L  C.  L  Z) 

in  relation  to  the  recombination  coefficients  (N  H+)  and  (CH*) 

e  2  e  5 

derived  from  merged  beam  (MB)  cross  section  data.  Stressed  throughout 
the  paper  is  the  need  to  appreciate  the  chemical  and  physical  processes 
which  can  occur  in  the  afterglow  and  which  may  distort  determinations. 

Tentative  explanations  are  given  for  the  differing  values  of 
and  obtained  from  FALP,  SA  and  MB  experiments. 


I. 


INTRODUCTION 


Dissociative  recombination  is  an  important  loss  process  for 

ionization  in  most  laboratory  plasmas  and  also  in  natural  plasmas  such 

as  the  Earth’s  ionosphere  and  interstellar  gas  clouds  (for  a 

discussion  of  these  see  Refs.  1-4).  The  temperatures  (T  (=  electron), 

T.  (=  ion),  T  (=  gas))  of  the  component  species  in  these  natural 
i  S 

plasmas  may  vary  both  spatially  and  temporally  and  so,  for  worthwhile 

modelling  of  the  relative  abundances  of  these  species,  the 

temperature  dependences  of  the  rate  coefficients  for  the  various 

reaction  processes  occurring  in  the  plasma  are  required.  There 

include  the  temperature  dependences  of  the  coefficients  for  dissociativ 

recombination,  .  It  is  important  at  the  onset  to  cist ingutrr. 

between  the  ^appropriate  to  plasmas  in  which  T  =  T .  -  7  wnich  we 

e  l  g 

designate  as  od^,  and  those  appropriate  to  conditions  for  which 

T  >  T. ,  T  which  we  designate  as  Od.  .  Much  work  has  been  carried 
e  i  g  e 

out  by  Biondi  and  his  colleagues'*  10  to  determine  both  od  and  Od^ 
for  many  recombination  reactions  using  the  stationary  afterglow  (SA) 
technique.  Dissociative  recombination  has  also  been  studied  in  ion 

1112  i o  if 

trap  experiments  ’  and  merged  beam  (MB)  experiments  ’  but  in 


both  of  these  experiments  the  cross  sections  for  recombination,  C7"^, 
are  determined  as  a  function  of  electron-ion  centre-of-mass  energy, 


and  then  od  values  are  derived  from  these 
e 


o  data. 


e 


Most  of  the  SA  measurements  of  od^  have  been  obtained  over  the 
approximate  temperature  range  200-450  K,  and  those  of  C<e  at  a 
Tg~300  K  and  up  to  Tg  ^  2000  K.  Ion  trap  and  merged  beam  data  are 
obtained  at  centre-of-mass  energies  in  excess  of  about  O.leV.  The 
long  storage  times  in  the  ion  trap  allow  for  internal  relaxation  of 
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the  molecular  positive  ions  but  the  ions  in  the  MB  experiments 
are  in  most  cases  in  indeterminate  states  of  internal  excitation 

1 L 

(both  rotational  and  vibrational  ).  The  data  obtained  from  these 

non-thermal  experiments  are  very  useful  for  investigating  the 

fundamental  nature  of  electron-ion  interactions;  however  they  cannot 

be  used  with  confidence  to  derive  &£  values  appropriate  to  low 

e 

temperatures  for  use  in  ion-chemical  models  of  interstellar  gas  clouds. 

Recently  we  have  developed  our  flowing  af terglow/l.angmuir  probr- 

i ' 

(FALP)  technique  to  study  electron-ion  dissociative  recemn; nation 

(having  previously  used  it  for  extensive  studies  of  ion-ior. 

recombination1  k,  an(j  quite  recently  to  study  electron  attacnmer.t 

The  FALF  technique  can  be  applied  to  the  study  of  these  varicur 

reaction  processes  within  the  approximate  temperature  range  80  to 

600  K  under  truly  thermalised  conditions.  In  our  first  studies  of 

dissociative  recombination  we  measured  for  O^*,  N0+  and 

1 5 

over  the  temperature  range  200  to  600  K  .  Now  we  have  determined 

at  95  K  and  300  K  for  the  important  interstellar  ions  H^+  (and  D^+ )  ,  N^H 

(and  N_D+),  HC0+  (and  DC0+)  and  CH*.  The  data  obtained  are 
2  5 

presented  and  discussed  in  this  paper. 

II.  EXPERIMENTAL 


Details  of  the  FALP  technique  have  been  given  in  previous  papers1®’1^ 

and  in  a  recent  review1^.  The  application  of  the  technique  to  the 

determination  of  is  described  in  detail  in  a  very  recent 

15 

paper  .  Briefly,  the  approach  is  as  follows.  An  upstream  microwave 
discharge  in  helium  carrier  gas  (pressure  ^  0.5  to  ''-'1.0  Torr) 
results  in  the  production  of  an  afterglow  plasma  along  the  length 


J 

1  i 
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of  a  flow  tube  (~1  metre  long,  ^8  cm  diameter).  The  upstream 


region  of  the  afterglow  comprises  electrons,  He+  and  He^*  ions 

and  neutral  metastable  atoms,  Hem,  in  addition  to  the  ground  state 

helium  carrier  gas  atoms.  It  is  then  necessary  to  convert  this 

He+,  He^+  and  Hem  plasma  to  one  containing  only  the  molecular 

ion  for  which  the  is  to  be  determined.  This  is  achieved  by 

adding  a  sufficient  quantity  of  an  appropriate  molecular  ion  source 

gas  (or  vapour)  to  the  afterglow  via  a  downstream  inlet  port. 

Details  of  the  ion  chemistry  involved  in  the  production  of  each  ion 

species  included  in  these  measurements  of  are  giver,  in  the 

next  section.  The  ©£  are  then  derived  f rorn  measurements  cf  tno 

electron  density,  n  ,  along  the  axis  of  the  afterglow  column  c-c o- 

ordinate)  using  a  movable  Langmuir  probe  ’  When  recent ir.aticr. 

is  the  dominant  loss  process  for  ionization  then  a  plot  cf  n  versus 

e 

z  is  linear  and  is  derived  from  the  slope  of  the  line.  The 

reaction  time  is  related  to  z  via  the  plasma  flow  velocity,  v  , 

21 

which  is  readily  determined.  Recombination  loss  is  enhanced  and 
diffusion  loss  is  inhibited  by  high  ne  and  high  helium  pressure. 
Typical  initial  values  of  ng  in  these  experiments  were  (2-U)  x  1010  cm 
(for  further  details  see  ref.  15).  Measurements  were  carried  out 
at  room  temperature  and  also  at  95  K  by  cooling  the  flow  tube  and 
carrier  gas  with  liquid  nitrogen. 


III.  RESULTS 

A  Measurement  of  (0„+)  at  95  K  and  General  Discussion  of  the 

- - L - d — - - - - - - 

Ion  Chemistry: 

Since  these  studies  of  were  the  first  we  have  carried  out 

at  very  low  temperature,  we  first  chose  to  study  (02+)  because 
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it  has  been  previously  studied  in  detail  at  higher  temperatures  using 

a  variety  of  techniques  (including  the  FALP)  and  the  temperature 

dependence  has  been  well  established  between  200  and  600  K  as  OL (0^+) 

_0  7  15 

^  T  •  Measurements  at  95  K  had  to  be  made  very  cautiously 

to  avoid  the  creation  of  significant  concentrations  of  0^+  ions 
in  the  afterglow  via  the  three-body  association  of  0^+  with  0^. 

Such  association  reactions  are  promoted  by  low  temperatures  and  by 
large  number  densities  of  the  reactant  gas  (0^)  and  the  third  body 
(He).  They  are  potentially  a  source  of  serious  errors  in 
measurements  because  the  ©£  for  the  dimer  (cluster)  ions  are  known 
to  be  larger  than  those  for  the  common  diatomic  ions^'.  The  rate 
coefficient  for  the  reaction 


0„+  +  0-  +  He— >0,+  +  He 
d  d  4 


(1  ) 


has  been  measured  over  a  wide  temperature  range  (k(1)  =  2  (-29)  cm^s  1 
22 

at  95  K  )  and  therefore  the  permissible  maximum  concentration  of  0^ 
in  the  afterglow  can  be  determined.  Careful  use  of  the  downstream 
mass  spectrometer,  which  is  an  essential  part  of  the  FALP, confirmed 
for  the  conditions  under  which  OCt(C>2+)  was  determined>  that  ■ 

0  +  ions  were  always  present  in  the  afterglow  but  in  very  small 
concentrations  relative  to  0  * .  Of  course,  the  relative  mass 
spectrometer  signals  of  0^+  and  0^+  at  the  entrance  to  the  downstream 
sampling  orifice  will  not  necessarily  be  representative  of  the  relative 
02+  and  0^  number  densities  upstream  in  the  recombining  plasma  because 
of  the  differential  diffusion  and  recombination  rates  of  these  ions. 
However,  the  flexibility  of  the  FALP  experiment  is  such  that  the 
reaction  (recombination)  zone  can  be  moved  to  within  a  few  cms.  of 
the  sampling  orifice  by  introducing  the  0^  into  an  inlet  port  at  this 
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position  rather  than  at  the  usual  position  (which  is  57  cm  from 

the  sampling  orifice).  Also,  the  ionization  density  in  the  afterglow 

can  be  varied  and  accurately  measured  over  several  orders  of 

11-3  7-3 

magnitude  (from  about  10  cm  to  about  10  cm  ).  Thus  at  low 
ne,  recombination  of  both  0^+  and  0^+  is  insignificant  and  then  the 
ion-molecule  chemistry  can  be  investigated  and  the  0^  flow  adjusted 
to  be  sure  that  0Z)+  is  not  produced  in  significant  concentrations  in 
the  afterglow.  These  kinds  of  checks  were  routinely  carried  out  in 
all  of  the  studies  described  in  this  paper. 

The  value  of  (0  +)  obtained  at  95  K  was  4.6  (-7)  err.  s  1  . 

This  is  plotted  in  Fig.  1  together  with  the  previous  FAL7  cata  obtained 

-0  7 

at  higher  temperatures.  Clearly  the  T  *  power  law  variation  well 
describes  over  the  wider  temperature  range  95  to  60"  K. 

Actually  the  95  K  point  lies  slightly  above  the  line  and,  although 
within  the  estimated  errors,  it  might  be  the  result  of  the  presence 
of  a  very  small  concentration  of  0^*.  The  errors  on  these  measurements 
are  quoted  in  the  caption  to  Table  1 . 

The  determination  of  oC  for  H_+,  HC0+,  N_H+  and  CH*  involved 

Z  j  d 

first  the  creation  of  H^+  as  the  dominant  ion  species  in  the  afterglows, 
and  the  determination  of  <H_+).  Then  the  H,+  ions  were 

«  J  J 

converted  to  the  other  species  via  proton  transfer  reactions  and  their 

respective  o£  determined  (see  later).  The  H_+  (and  D  +  )  were 

j  3 

created  by  adding  relatively  large  concentrations  of  (or  D^)  to 
the  afterglows.  At  300  K,  prior  to  the  addition  of  H^,  the  majority 
ions  in  the  afterglow  were  He^+  together  with  smaller  concentrations 
of  He+  and  Hem.  (The  Hem  concentration  could  be  readily  measured 
at  300  K  by  adding  excess  A r  to  the  afterglow  and  then  measuring 
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the  increase  in  ng  using  the  Langmuir  probe  ;  however  this  could 
not  be  done  at  95  K  because  of  Ar  condensation).  On  adding  sufficient 
the  following  reactions  occurred: 


He2+  +  H2 - >HeH+,  H2+,  He2H+ 


(2) 


Hem  +  H2 - >  H2+  +  e  +  He 


(3) 


Reaction  (2)  is  very  efficient  at  300  K  (k  =  5.3  (-10)  cm3s_1  )23 

and,  as  expected,  is  seen  to  be  so  in  our  experiment  at  95  K  and  300  K. 

The  rate  coefficient  for  the  Penning  reaction  (3)  varies  markedly 

24 

with  temperature  above  300  K  (the  metastable  atoms  are  mostly 

and  not  P*1  S ) .  k ( 3 )  has  been  measured  to  be  3  (-11)  crn^s  1  at  300  f: 

3-1  24 

and  may  fall  to  about  1  (-13)  cm  s  at  95  K.  This  required  the  presence  of 

substantial  concentrations  of  H2  in  the  afterglow  at  95  K  to  ensure 

that  the  He™  were  totally  destroyed  (any  source  of  ionization  in 

the  afterglow  is  readily  detected  using  the  Langmuir  pro be).  The 

product  ions  of  reactions  (2)  and  (3)  then  undergo  reactions  with 

H2  to  generate  H3+. 


HeH+  (He2H+)  +  H? - >  H3+  +  He  (2He) 


(4) 


H  +  +  H  - >H,+  (v)  +  H 

2  2  3 


(5) 


The  rate  coefficients  for  both  of  these  reactions  are  large  (k(4)  = 

1.5  (-9)  ctn3s_1  at  300  K25;  k(5)  =  2.1  (-9)  cm3s-1  at  300  K?6 ) . 

The  mass  spectrometer  was  used  to  confirm  that  H^+  was  the  dominant 
ionic  species  in  the  afterglow.  However  a  small  percentage  of  He+ 
was  observed  to  be  present  at  300  K.  This  is  because  He+  is  relatively 


unreactive  with  and  because  the  association  reaction: 


He  2He - >He2  +  He 


is  not  sufficiently  rapid  at  300  K  and  at  a  helium  pressure  of  one 

20 

Torr  to  convert  all  the  He+  to  He^  .  However,  at  95  K,  reaction 

29 

(6)  is  more  rapid  since  k ( 6 )  is  larger  ,  the  number  density  of  He 
atoms  in  the  afterglow  is  greater  and  the  plasma  flow  velocity  is 
smaller  (the  reaction  time  is  longer)  and  so  the  He+  ions  are  totally 
converted  to  molecular  ions.  (Indeed,  a  small  signal  at  mass  12  amu, 
probably  He^+,  is  observed  in  the  absence  of  H,  presumably  resulting 
from  the  further  reaction  of  He2+  with  He).  So  no  He*  is  evident 
in  the  afterglow  at  95  K  and  therefore  on  addition  of  sufficient 
H^ ,  all  the  He^*  and  He"1  are  destroyed  and  is  readily  produced. 

Note  that  the  H^+  produced  in  reaction  (5)  is  initially  vibrationally 

30  31  32 

excited  ’  but  in  the  presence  of  it  is  de-excited  via 

the  reaction: 


H3  (v)  +  U  . 


■H3  +  H2* 


The  rate  of  the  de-excitation  of  H3+(v)  of  course  depends  on  k ( 7 ) 
and  the  concentration  in  the  afterglow  (further  referred  to  in 
relation  to  the  (H_+)  estimates  discussed  below).  At  large  H 

t  *J  C 

concentrations  and  at  95  K,  the  association  reaction 


H3  +  H2  +  He 


■  Hc+  +  He 


was  observed  to  occur,  generating  H,-+.  The  H^+  was  detected  by  the 
mass  spectrometer  in  increasing  concentration  relative  to  H^+  as  the 
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concentration  was  increased.  In  a  separate  SIFT  experiment  we 

measured  the  rate  coefficient  of  reaction  (8)  to  be  2  (-29)  cm^s-1 

at  80  K.  This  number  was  useful  in  interpreting  the  data  for 

H_+/Hir+  plasmas  which  clearly  indicated  that  c>£  (H  '*")  was  much 
J  b  t  b 

greater  than  (H3+),  as  ^as  Previously  been  indicated  by  SA 
measurements  (see  below). 

Now  that  the  basic  ion-chemistry  which  leads  to  the  production 

of  H_.+  (and  H*)  in  these  afterglows  has  been  discussed,  we  can  proceed 
3  b 

to  describe  the  determinations  for  the  various  ionic  species. 

It  will  be  very  evident  that  satisfactory  interpretation  of  the 
surprising  data  relating  to  the  (H^+)  studies  relies  a  great 

deal  on  an  understanding  of  the  ion  chemistry  and  the  physics  occurring 
in  these  plasmas. 

B  The  n  versus  z  data:  Determination  of  ©£  for  the  various  reactions: 
- e - - - - — - — - — — — t - 

Having  created  the  plasma,  ng  was  measured  as  a  function 

of  z  and  the  data  obtained  at  300  K  are  shown  as  a  In  ng  versus  z  plot 

in  Fig.  2.  Also  shown  are  the  data  for  HC0+,  N_H+  and  CH*  obtained 

2  b 

under  identical  conditions  of  temperature,  He  pressure  and  H2 
concentration  but  with  smaller  admixtures  of  CO,  and  CH^  as  appropriate. 
This  results  in  the  production  of  the  new  ions  via  the  proton  transfer 
reactions: 


H3+  +  CO - >HC0+  +  H2  (9) 

H3+  +  N2 - >N2H+  +  H2  (10) 

H  +  +  CH. - >  CHc+  +  H0  (11) 

j  m  5  2 
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which  are  rapid  at  300  K  and  also,  as  expected,  at  80  K 


Upstream  of  the  H^/reactant  gas  (e.g.  CO)  inlet  port,  the  z  gradient 
of  n  ,  i.e.  ^n  /^z  is  small  since  the  loss  of  ionization  is  due 
only  to  the  relatively  slow  process  of  ambipolar  diffusion.  However 
as  can  be  seen  in  Fig.  2,  ^ng/^z  increases  downstream  of  the  inlet 
port,  remarkably  so  for  the  CH^+  plasma.  This  increase  is  due  to 
the  onset  of  dissociative  recombination  and  it  is  clear  from  Fig.  2 
that  the  relative  are  in  the  order,  <y  (CHr  +  )  >  c>£  (N„H+) 

t  L  j  L  £ 

>  (HC0+)  >  (H*).  The  good  linearity  of  the  n  1  verr.ur  r 

t  t  3  o 

plots  over  appreciable  ranges  of  n  ,  at  least  for  the  arid  r. 

reactions  (see  Fig.  3),  demonstrates  the  dominance  cf  re  com:  ir.ot.  r  r 
loss  for  these  reactions.  Note  also  in  Fig.  2  tna:  icr  sr.  .  .  .  •.  . 

well  downstream  of  the  inlet  port,  the  semi  logarithm:  r  pin:  :~! 

nearly  linear  which  is  characteristic  of  diffusive  loss.  A  further 
check  that  recombination  is  indeed  responsible  in  each  afterglow 
for  these  increases  in  ^n^/^z  is  made  simply  by  considerably 
reducing  ng  in  the  afterglow,  thus  inhibiting  recombination  loss 
but  without  influencing  diffusion  loss.  Under  these  conditions 
()ne/^z  downstream  of  the  inlet  port  reduced  towards  that  measured 
upstream  of  the  inlet  port. 

and  D3+: 

The  data  obtained  for  D3+  at  both  95  K  and  300  K  were  insignificantly 
different  from  those  for  It  is  clear  from  the  data  in  Fig.  2 

that  ^  (H^*)  a^  ^00  K  is  smaH»  certainly  considerably  smaller 
than  (O^*)  the  sanie  temperature  is  2  (-7)  cm^s-1 

(the  oit  (O^*)  represented  in  Fig.  2  by  the  dashed  curve 

without  data  points).  This  was  a  great  surprise  in  view  of  previous 
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SA  data  and  MB  data  which  indicated  that  OL  (H  +)  was  comparable 
to  (02+)  and  that  the  C7^  (H3+)  was  large.  After  repeating 

the  FALP  experiments  several  times  at  300  K  and  also  at  95  K  over 
a  period  of  many  weeks  under  a  wide  variety  of  He  pressures  and 
concentrations  we  were  forced  to  conclude  that  oC  (H-+)  and 

J 

(D^+)  are  indeed  very  small  at  both  95  K  and  300  K.  Recently 

35 

we  have  been  informed  by  H.H.  Michels  of  his  theoretical  calculations 
of  (H3+)  which  indicate  an  infinitesimal  for  H3+(v  =  0) 

and  that  only  begins  to  become  appreciable  when  H^+  is  in  the 

v  =  3  vibrational  level  (equivalent  to  about  0.9  eV  of  vibrational 
energy!)  Clearly,  in  our  experiments  we  expect  that  reart: or  f" 
will  vibrationally  relax  the  H7+  and  so  the  small  (!:  "  indicate-, 

by  our  experiments  is  qualitatively  consistent  with  Micne!:- '  rrodicti'-r. . 
However,  recombination  does  occur  close  to  the  H„  inlet  port  at  both 

d. 

95  and  300  K,  albeit  only  to  a  small  extent,  and  the  question  arises 

as  to  what  the  recombination  loss  is  due  to  if  it  is  not  due  to 

H^+  (v  =  0).  Several  factors  may  contribute  to  this  small  recombination 

loss  including  (i)  high  energy  electrons  generated  in  reaction  (3) 

which  might  effectively  excite  H^+  in  the  interaction  and  hence  increase 

c*t  (H3+),  (ii)  vibrationally  excited  H3+  produced  in  reaction  (5), 

(iii)  Hj-+  ions  generated  in  reaction  (8)  and  (iv)  impurity  ions 

which  have  relatively  large  c*  e.g.  H  0+  and  N  H+  generated  from 

traces  of  H20  and  in  the  H2.  At  300  K,  very  small  signals  of  H30+ 

and  N2H+  were  apparent  in  the  mass  spectrum  but  these  represented 

ion  densities  which  were  far  too  small  to  be  responsible  for  the 

observed  recombination  loss.  Also  production  of  Hc+  at  300  K  is  far 

5 

too  slow  at  the  concentrations  of  H2  in  the  afterglow  to  account  for 
the  recombination.  Electron  temperature  relaxation  in  helium  at  one 
Torr  pressure  is  very  efficient;  we  estimate  that  hot  electrons  from 
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the  Penning  process  will  relax  to  thermal  in  about  0.1  msJ  .  Since 

recombination  is  apparent  for  about  6  cms  from  the  inlet  port  (see 

Fig.  2),  that  is  for  about  0.5  ms,  then  'hot'  electrons  are  not 

responsible  and  we  are  left  with  vibrationally  excited  H^+  ions  as 

the  only  possible  explanation.  It  is  known  that  several  collisions 

of  H^+(v)  with  are  necessary  to  remove  the  vibrational  energy 

from  H^+  (reactions  (7))^’^  and  so  an  equivalent  rate  coefficient 

3  -1 

for  reaction  (7)  of^l  (-10)  cm  s  seems  reasonable.  Combining 

this  rate  coefficient  with  the  number  density  of  Hn  in  the  afterglow 
14  -3 

(/'-10  cm  )  indicates  a  time  constant  of  ~'0. 1ms  for  the  visrat  ions' 
relaxation  process.  Thus  H^+(v)  could  persist  for  a  fraction  of  a 
millisecond  against  reaction  (7)  and  could  therefore  underr: 
recombination  on  a  similar  timescale  to  that  observed.  Tr.ur 
vibrationally  excited  could  explain  the  observed  recombination 
loss  close  to  the  inlet  port. 

How  can  (H-.+  )  be  estimated  from  the  n  versus z  data? 

t  3  e 

The  above  argument  implies  that  the  reduction  in  ng  near  to  the  inlet 

port  is  due  to  recombination  of  H^+(v)  and  diffusion  of  both  H^'+  (  v) 

and  H^+.  The  relative  number  density  of  H^+(v)  is  reducing  both 

via  recombination  and  via  collisional  relaxation  to  H3+.  This  very 

complicated  situation  cannot  be  disentangled  but  an  estimate  of 

an  "effective  recombination  coefficient",  can  be  obtained 

assuming  a  recombination  rate  law  of  the  form  v  <)  n  a) z  = 

- p  e  eff 

ng.  n^  +(v).  The  density  of  H^+(v)  is  estimated  as  the  difference 

between  the  n  values  (nu  +  ,  »  +  nu  +)  at  large  z  and  the  values 

e  "3  { v )  H3 

n=  at  small  z  (=  nu  +)  projected  back  to  large  z  Thus  __ 
e  n_  el  l 

3  —  1  ^ 

^  7  (-8)  cm  s  and  this  clearly  must  exceed  (H^4)  and  be  smaller  than 

°^^3  uPper-limit  to  !H3+ )  can  be  estimated  by  assuming  that  the 

decrease  in  ng  downstream  of  the  recombination  zone  is  cue  cntire'y  to 
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recombination  of  This  indicates  (H-f)  to  be  £  2  (-8) 

3  -1 

cm  s  .  Actually,  the  In  ng  versus  z  plot  is  almost  linear  at 

small  z  which  is  indicative  of  diffusive  loss  alone  and  indeed  the 

exponential  loss  rate  is  very  close  to  that  expected  on  the  basis  of 

+ 

the  known  diffusion  coefficient  for  ions  in  helium  .  This 
implies  that  very  little  recombination  of  is  occurring  in  the 
afterglow  even  at  these  large  ng  and  therefore  that  the  upper  limit 
to  (H  +)  is  certainly  less  than  2  (-8)  cm3s_1 .  Unfortunately 

we  cannot  further  quantify  this.  It  seems  therefore  that  ”i cnel  r ' 
conclusions  that  (H3+)  is  infinitesimal  are  vindicated. 

At  95  K,  and  for  low  concentrations  of  H_,,  a  similar  r^-ourt  irr 

in  n  occurred  near  to  the  inlet  port  which  we  arair.  at  tr :  t -;t  •-  t  • 
e 

the  presence  of  a  small  fraction  of  H3+(v)  in  the  afterglow.  Thus 

a  small  (H3+)  is  indicated  at  this  temperature  also  (£2  (-8) 

3  -1 

cm  s  ).  However,  on  the  addition  of  larger  flows  of  H  ,  n^  reduced 

more  rapidly  with  z  and  this  correlated  with  the  appearance  of  H  + 

5 

at  the  mass  spectrometer.  Clearly  H  +  was  being  produced  via 

5 

reaction  (8)  and  recombining  at  a  more  rapid  rate  than  H3+  which 

7 

is  in  qualitative  agreement  with  the  previous  SA  findings.  With 

the  present  conf iguration  of  the  FALP  reactant  gas  flow  system  we 

were  not  able  to  add  sufficient  H_  to  convert  all  the  H_+  to  Hc  +  and 

2  3  5 

so  were  not  able  to  determine  (Hc+)  to  a  worthwhile  accuracy. 

t  5 

A  crude,  approximate  analysis  of  the  ng  versus z  curve  at  the 

1 A  -3 

maximum  concentration  which  could  be  obtained  (7  x  10  cm  ) 

together  with  our  measured  value  of  the  rate  coefficient  for  reaction 

(8)  indicates  only  a  lower  limit  for  (h+)  of  ^  2  (-7)  cm3s_1 

t  5 

at  95  K.  The  SA  value7  fo'r  oC.  (H  +)  at  205  K  is  (3.6  1  1.0)  (-6) 

t  z> 

3  -1 

cm  s  .  The  major  difference  between  the  FALP  and  SA  value?  for 
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(H_+)  is  perplexing.  We  have  no  convincing  explanation  for 

this  except  to  tentatively  suggest  that  the  presence  of  a  small 

fraction  of  H^+  ions  in  the  SA  could  have  resulted  in  a  larger  (H 

because  of  the  much  larger  ©C  (Hc+)  (production  of  Hc+  is  promoted 

to  o 

by  the  high  pressures  at  which  the  SA  experiments  were  carried  out). 


The  emission  spectra  of  and  have  been  identified  by 

-iq 

Herzberg  from  hollow  cathode  discharges  in  and  respectively. 
These  were  assumed  to  originate  from  recombining  H^+  and  If 

this  were  the  case  then  the  recombining  ions  were  probably  vibrational 
excited.  However  it  was  noted  that  the  emission  intensities  fret. 

and  were  greatly  enhanced  when  the  cathode  was  coolec  witr. 
liquid  nitrogen  and  so  we  suggest  that  the  and  were  most 
probably  produced  from  the  dissociative  recombination  of  Hc  +  and 
D5+,  e.g. 

H_+  +  e  - >  H  *  +  H  *  (12) 

D  J  ^ 

HCP*  and  DCO+ ; 

The  addition  of  relatively  small  concentrations  of  CO  to  the 
H^+  (and  D^+)  afterglows  resulted  in  an  immediate  enhancement  of  the 
ng  gradient.  CO  addition  initiates  the  fast  proton  transfer 
reaction  (9)  which  has  a  rate  coefficient  at  both  80  K  and  300  K 
of  1.8  (-9)  cm^s  ,  and  so  is  rapidly  converted  to  HC0+ 
(similarly  for  DCO+).  Clearly  (HC0+)  >  (H^+)  (and  indeed 

o^t  (HC0+)  >  (H3+)).  A  plot  of  ne_1  versus  z  for 

the  HC0+  data  at  300  K  is  shown  in  Fig.  3.  The  range  of  linearity 
of  this  plot  is  limited  because  of  the  relatively  small  (HC0+) 
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of  1.1  (-7)  cm  s  and  this  is  reflected  in  the  somewhat  greater 
uncertainty  we  place  on  (HCO+)  at  300  K  (see  Table  1).  At  95  K, 

(HC0+).  and  (DC0+)  are  measured  to  be  2.9  (-7)  ernes’"1  and 

3  -1 

2.6  (-7)  cm  s  respectively. 

Our  (HC0+)  at  300  K  is  significantly  smaller  than  the  SA 

g 

value  (see  Table  I)  but  not  greatly  so  when  the  combined  errors 
of  both  experiments  are  taken  into  account.  However,  our  value 
at  95  K  is  slightly  smaller  than  the  SA  value  at  the  higher  temperature 
of  205  K.  The  larger  value  derived  from  the  higher  pressure  SA 
experiment  may  be  due  to  the  production  of  small  concentrations  of 
the  association  ion  HCO^.CO  which  presumably  will  have  a  larger  . 
This  suggestion  arises  from  our  observation  that  for  largo  flows  of  C' 
in  our  experiment,  small  signals  of  HC0+.C0  were  detected  by  the 
mass  spectrometer.  This  prompted  us  to  measure  with  our  SIFT  the 
rate  coefficient  for  the  reaction: 

HC0+  +  CO  +  He - >  HC0+ . CO  +  He  (13) 

At  80  K,  k(13)  =  1.1  (-29)  cm^s  .  Knowing  this  rate  coefficient 
we  were  able  to  estimate  the  maximum  permissible  value  of  the  CO 
concentration  in  the  afterglow  for  insignificant  production  of 
HC0+.C0.  Safeguards  of  this  kind  are  very  important  in  this 
type  of  work  since  it  is  all  to  easy  to  fail  to  detect  mass 
spectrometrically  small  signals  of  weakly-bonded  ions  such  as  HC0+.C0 
because  these  ions  are  so  readily  collisionally  dissociated  in  the 
mass  spectrometer  sampling  system. 
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Within  the  limitations  of  only  two  data  points  and  assuming  a 
power  law  dependence,  the  present  data  indicate  that  (HCO+) 

varies  approximately  as  T-1  between  95  and  300  K. 

and  N^D'1': 

The  addition  of  small  concentrations  of  to  the  H^+  (or  ) 
plasmas  again  resulted  in  an  obvious  enhancement  in  the  ng  gradient 
(see  Fig.  2).  This  is  a  result  of  the  production  of  N_H+  (or  I(_D+ ) 

C.  C 

via  the  fast  reaction  (10).  The  plot  of  n  1  versus  z  for  the  N.H* 

e 

data  at  300  K  is  shown  in  Fig.  3  and  the  linearity  of  the  plot  :r 
indicative  of  recombination  loss.  The  value  cf  tnu: 

u  ... 

obtained  is  1.7  (-7)  cm3s-1  .  At  95  K,  °^4  (N  H"*’)  and  °^.  ; 

3-1  _ ' 

are  measured  to  be  4.9  (-7)  cm  s  and  4.4  (-7)  cm^s  respectively. 

That  (N2D+)  is  somewhat  smaller  than  )  is  not  significant 

within  error  but  it  is  intriguing  that  (DC0+)  is  also  smaller 

than  °Ct  (HC0+)  by  about  the  same  percentage  at  the  same  temperature. 

Perhaps  there  is  a  small  isotope  effect  in  these  cases.  ©£  (N^H+) 

at  95  K  is  three  times  greater  than  the  300  K  value  and  so  a 

,'-T  1  variation  for  Odt  ( )  is  also  indicated.  Again  it  must 

be  pointed  out  that  large  flows  of  N 2  promoted  the  association  reaction. 

N2H+  +  N2  +  He — ^  N^H+  +  He  (14) 

We  determined  k(14)  using  the  SIFT  to  be  2.8  (-29)  cm3s_1  at  80  K 
(i.e.  about  three  times  greater  than  the  corresponding  HC0+  +  CO 
reaction  (13)).  In  this  case  the  strongly  bound  N^H+  ion  is  produced. 
Again,  k(13)  sets  the  upper  limit  to  the  concentration  of  N2  which 
is  permissible  in  the  afterglow. 
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No  SA  value  has  been  published  for  <X  (N  H+)  but  electron 

L»  c. 

•f  L\  Q 

recombination  of  N^H  has  been  studied  using  the  MB  technique 

A  much  larger  value  for  oC (N2H+)  at  300  K  of  7.5  (-7)  cm^s-"1  has 

been  derived  from  these  MB  G~  (N„H+)  data.  Whilst  it  is  not 

e  2 

too  profitable  to  compare  these  ion  beam  data  with  truly  thermal  data, 
a  larger  value  of  G ~  (N^H*)  might  be  expected  if  vibrational ly- 
excited  N2H+  has  a  relatively  large  G ~  since  it  is  known  that 

is  readily  vibrationally  excited  (from  drift  tube  studies  of  endoergic 

42  + 

proton  transfer  )  and  so  it  is  very  likely  that  N^H  (v)  is  a  major 

component  of  the  ion  beam.  In  the  FALP,  N2H+ (v  )  is  rapidly  relaxed 

in  proton  transfer  reactions  analogous  to  reaction  (7). 

CH^: 

The  addition  of  small  concentrations  of  CH^  to  the  plasma 

resulted  in  a  rapid  increase  in  the  ng  gradient  (Fig.  2).  The  mass 

spectrometer  indicated  that  CH*  was  the  dominant  ion  (>  95%)  but 

5 

also  small  signals  of  CH_.+  and  C-H._+  were  evident.  The  CHc+  is  formed 

-5  c  5  o 

via  the  proton  transfer  reaction  (11)  and  the  appearance  of  CH^+ 
was  a  dear  indicator  of  the  presence  of  H^+(v),  since  it  is  known  that 
the  reaction 


H3+(v)  +  CH^ - >CH3+  +  2H2 


(15) 


.  43 

is  rapid  .  This  then  is  direct  evidence  for  the  existence  of  small 
concentrations  of  H3+(v)  which  we  deduced  earlier  in  relation  to 
the  (H3+)  studies.  The  C2H^+  ions  are  formed  via  the  rapid 

two-body  reaction: 


ch3+  +  cha — >c2h5+  +  h2 


(16) 
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which  has  a  rate  coefficient  of  1.2  (-9)  cm3s_1  at  300  and 

presumably  also  at  95  K.  CH_+  is  also  converted  to  CH*  by  the 

3  b 

three-body  association  reaction: 

CH_+  +  H.  +  He - >CHc+  +  He  (17) 

3  2  b 

which  thus  enhances  the  CH*  population  in  the  plasma.  Reaction  (17) 

b 

45 

is  known  to  be  quite  rapid  at  80  K  and  therefore  at  95  K  at  the 
pressure  conditions  (^1  Torr)  of  the  present  experiments.  Again, 
it  must  be  mentioned  that  association  of  the  ion  under  study  ( "Kr  + ) 
with  its  parent  (CH^)  occurs  at  low  temperatures: 

CH*  +  CH.  +  He - >CHr+.CH,  +  He  !  1  -  ; 

4  J  4 

The  rate  coefficient  for  reaction  (18)  is  2.5  (-28)  cm3s_1  at  80  K 

46 

as  measured  in  the  SIFT  ,  and  so  again  the  concentration  of  CH^ 
in  the  plasma  of  the  low  temperature  had  to  be  minimised. 

It  is  worthy  of  note  here  that  association  reactions  of 

HC0+  and  N^H*  with  H are  very  slow  (<  5  (-30)  crn^s-1  in  He  at  80  K) 

and  that  association  of  CHc+  with  H„+ has  not  been  observed  even  at 

b  2 

80  K  in  our  SIFT.  So  for  the  concentrations  of  H^  used  in  these 
experiments  these  reactions  are  unimportant. 

The  ng  1  versus  z  data  at  300  K  are  plotted  in  Fig.  3  and 

(CHj.+ )  obtained  from  the  slope  is  1.1  (-6)  cm3s_1  .  At  95  K, 

3  —1 

(CH*)  has  increased  to  1.5  (-6)  cm  s  .  This  relatively  small 
t  b 

increase  in  (CH^+)  and  the  correspondingly  weak  temperature 
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—0  3 

dependence  (~T  )  is  typical  of  ©£•  which  are  relatively  large 

9  10 

such  as  those  for  cluster  ions  .  It  is  perhaps  significant 

that  the  value  for  o C  (CH*)  at  300  K  derived  from  MB  data  is 

e  5 

rather  close  to  our  (CH*)  (actually  slightly  smaller,  oC  (CH*) 

3  -1  41 

=  7  (-7)  cm  s  )  •  This  unusually  good  agreement  between  FALP  data 

and  MB  predictions  may  be  due  to  the  relatively  weak  temperature 

(energy?)  dependence  of  (and  and  because  any  residual 

excitation  in  the  CH*  ion  beam  would  presumably  not  greatly  influence 

b 

the  0~^  value  for  this  particular  ion  since,  on  the  basis  of  the  FALP 
data,  Cr^-  would  be  expected  to  be  large  even  for  ground  state  ions. 

IV.  SUMMARY  AND  CONCLUSIONS 

The  very  small  for  ground  vibrational  state  ions 
(and  D3+  ions),  indicated  by  these  experiments  runs  contrary  to 
previous  experimental  results  but  is  consistent  with  recent  theoretical 
predictions  by  Michels.  Thus  H3+  is  only  the  second  molecular  ion 

which  has  so  far  been  shown  to  recombine  very  slowly,  the  other 

+  5  + 

well-known  case  being  He^  .  However,  recombination  of  ions 

does  occur  when  they  are  vibrationally  excited,  again  in  accordance 

with  theoretical  predictions.  Emission  spectra  of  neutral  and 

molecules  have  been  observed  from  (and  D  )  discharges.  This 

could  be  due  to  recombination  of  H3+(v)  but  was  most  likely  due 

to  recombination  of  H*  (and  D*).  That  c*  (H-+)  is  so  small 

5  5  t  3 

is  contrary  to  the  usual  assumptions  made  in  interstellar  ion-chemical 

34  47  48 

models  and  has  major  effects  on  the  predictions  of  these  models  ’ 

The  for  HC0+,  N_hT  and  CHr+  have  magnitudes  as  expected  on 
t  2  *  5 

the  basis  of  previous  SA  data  for  a  variety  of  ionic  species. 
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The  od.  {CH_+)  is  the  largest  of  the  three  and  increases  more  slowly 
t 

with  decreasing  temperature  than  do  o(.^  (HC0+)  and  (N2H+). 

These  data  illustrate  a  trend  which  is  gradually  emerging,  i.e.  fast 
recombination  reactions  have  weaker  inverse  temperature  dependences 
than  slower  reactions.  Discrepancies  between  data  obtained  from 
collision-dominated  thermal  experiments  such  as  the  SA  and  the  FALP 
and  the  non-thermal  merged  beam  data  are  not  unexpected  not  least 
because  of  the  different  internal  states  of  the  recombining  ions. 

The  agreement  between  the  SA  and  FALP  results  for  individual  reactions 
is  generally  good,  except  possibly  at  low  temperatures  when  the  SA 
values  are  sometimes  a  little  larger.  This  might  be  due  to  the  presence 
of  small  fractional  concentrations  of  cluster  ions  in  the  SA  which 
is  operated  at  higher  pressures  than  the  FALP  and  which  promotes  the 
formation  of  association  ions  (as  does  low  temperature ) .  The  major 
discrepancy  between  the  (H3+)  determined  in  the  SA  and  the  FALP 

is  difficult  to  explain.  Clearly,  further  work  and  thought  are 
necessary  to  resolve  this  perplexing  discrepancy. 
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TABLE  I.  Values  of  the  dissociative  recombination  coefficients,  0(  t, 
obtained  in  the  FALP  for  the  ion  species  indicated  at  95  and  300 K. 

■a  „i  _7 

The  units  are  cm  s  and,  for  example  2.91-7)  means  2.9  x  10 

crn^s"1.  Also  given  are  the  stationary  afterglow  (SA)  data  for 
4  /T  +8 

and  HCO  at  the  temperature  indicated,  and  the  derived  rate 

+40  +41 

coefficients,  o2  ,  from  merged  beam  (MB)  data  for  N„H  and  CHr 
e  2  b 

The  estimated  absolute  errors  for  the  FALP  values  ofoC  (N  H+)  and 

£  c. 

c2  (CH*)  are  +  15%  at  300  K  and  +  20%  at  95K.  For<*  (HC0+)  the 
t  b  —  —  t 

errors  are  somewhat  greater  at  300 K  1+20%)  because  of  the  smaller 
range  of  n  from  which  the  was  obtained  (see  Fig.  2)  and  the 

C  L 

correspondingly  greater  uncertainty  in  the  slope  of  the  reciprocal 
density  plot  (see  Fig.  3).  The  total  errors  in  ^  arise  largely  from 
the  uncertainty  in  the  area  of  the  Langmuir  probe  (^  +  10%)  which 
reflects  directly  into  the  error  in  ng  and  therefore  When 

this  systematic  error  is  allowed  for  the  relative  errors  in  the 
values  are  much  smaller  (-*✓ +  10%). 

Ion  FALP  data  Previous  data 

95  K  300  K  205  K  300  K  450  K 

H3+  £2  ( -8 )  42(-8) 

D3+  £2(-8)  .£21-8) 

HC0+  2 . 9 ( -7 )  1.1 (-7) 

DC0+  2. 6 (-7)  - 

N2H+  4.9(-7 )  1  -7 ( —7 ) 

N2D+  4 . 4 ( -7 )  - 

CHc+  1.5(-6)  1.1 (-6) 


FIGURE  CAPTIONS 


Fig.  1  FALP  measurements  ofC*t  (02+)  at  several  temperatures,  T. 

The  solid  line  describes  the  power  law  relationship  = 

0.7 

2(-7)  (300/T)  ,  which  is  a  good  fit  to  the  data  points  over  a 

temperature  range  which  is  unusually  wide  for  dissociative  recombi¬ 
nation  studies.  The  data  points  at  temperatures  of  200 F  and  above  are 

1 5 

from  our  previous  FALP  study. 

Fig.  2  Semilogarithmic  plots  of  electron  density  in  the  afterglow, 

ng,  against  z,  the  distance  along  the  afterglow  column  as  measured 

from  the  downstream  mass  spectrometer  sampling  orifice  in  the  FALP 

apparatus.  R  indicates  the  position  of  the  molecular  ion  source 

gas  inlet  port.  The  carrier  gas  was  helium  at  a  pressure  of  1 .2 

Torr  and  the  temperature  was  300  K.  Upstream  of  R,  ng  /<)  z  is 

small  since  electrons  were  lost  from  the  afterglow  only  via 

ambipolar  diffusion.  Downstream  of  R,  <)ne  /<)z  is  larger  due  to  the 

occurrence  of  dissociative  recombination  in  the  H^+,  HC0+,  N^H+ 

and  CH*  afterglow  plasmas.  The  magnitudes  of  the  /<)z  for  these 
b  e 

plasmas  indicate  thato^(CH^  )>  °*t,^2^+^>  <*t(HC0  )>o^t(H^  ).  The 
dashed  line  without  points  represents  the  data  for  02+  (see  text). 

Fig.  3  Plots  of  reciprocal  electron  density,  n  -1  against  z 
from  the  data  given  in  Fig.  2  for  the  HC0+,  and  CH^+  afterglow 

plasmas.  The  respective^  are  obtained  from  the  slopes  of  the 
lines.  Thus  .  (CHc+)>  (N„H+)>ot.  (HC0+) ;  the  actual  values  are 

l*  D  t  d  t. 

given  in  Table  I. 


Fig.  3 
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Abstract.  The  rate  coefficients,  0.  for  the  attachment  reactions  of  electrons  with  C'C1„ 
CCI,F.  CCUFj.  CHClj,  Cl?  and  SF*  have  been  measured  under  trulv  thermal  condition' 
over  the  approximate  temperature  range  200-600  K  using  a  flowing-afterglow /Langmun 
probe  apparatus.  The  0  values  obtained  at  300k  are  3.9X  10  ’.  2  M  1 0  7.  3  2  *  10  ”, 
4.4X10-'1,  2.0X10-'1  and  3.1  xlO^cm's'1  respectively  From  the  variation  with  tem¬ 
perature  of  0  for  the  CCI2F2.CHCI}  and  Cl2  dissociative  attachment  reactions,  activation 
energies.  £.,  of  0.15,  0.12  and  0.05  eV  respectively  were  derived  The  0  for  CCI«.  COT 
and  SFt  are  close  to  their  theoretical  limiting  values  within  the  temperature  range  investi¬ 
gated.  While  Cl"  was  the  only  product  ion  observed  for  the  reactions  involving  chlorine- 
containing  molecules,  both  SFj  and  SF,  were  observed  for  the  SFt  reaction.  The  data 
obtained  are  compared  with  previous  data  and  the  separate  influences  of  electron  tem¬ 
perature  and  gas  temperature  are  noted 


1.  Introduction 

Eleclron  attachment  studies  are  of  fundamental  importance  to  the  understanding  of 
electron-molecule  interactions  and  the  mechanism  of  negative-ion  formation  (see  e.g. 
Massey  1976)  and  are  of  practical  value  for  example  in  the  design  of  efficient  gas  lasers 
(Chantry  1982)  and  in  the  choice  of  insulation  suitable  for  high-voltage  devices 
(Christophorou  el  al  1982).  The  objective  of  the  work  described  in  this  paper  was  to 
measure  the  rate  coefficients,  f3 ,  for  the  attachment  reactions  of  thermalised  electrons 
with  several  molecular  gases  at  temperatures  in  the  approximate  range  200-600  K 
using  our  flowing-afterglow/Langmuir  probe  (falp)  apparatus.  Using  the  falp,  the 
rate  coefficients  for  several  types  of  plasma  reactions  have  already  been  determined 
under  truly  thermal  conditions,  including  positive-ion/negative-ion  recombination 
(Smith  and  Church  1976,  Smith  and  Adams  1983)  and  electron/ion  recombination 
(Alge  etal  1983). 

Electron  attachment  has  been  studied  in  numerous  laboratories  using  a  variety  of 
techniques.  Much  of  the  early  work  (prior  to  1976)  has  been  summarised  in  the  books 
by  Massey  (1976)  and  by  Christophorou  (1971)  and  many  other  excellent  papers  on 
this  topic  have  been  published  in  the  last  few  years.  Some  of  these  papers  and  the 
results  therein  will  be  referred  to  in  relation  to  the  present  work  in  §  3.  The  gases 
chosen  for  the  present  study  were  CC14,  CCI3F,  CCI2F2,  CHCI3,  Cl2  and  SF<,  for  which 
previous  data  indicate  the  electron  attachment  rate  coefficients,  fl,  to  be  relatively 
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large  at  room  temperature.  The  precise  values  of  p  at  room  temperature  and  how 
the  p  values  vary  with  temperature  are  not  well  established  and  this  was  a  major 
motivation  for  this  study. 


2.  Experimental 

2.1.  Apparatus 

The  falp  apparatus  has  been  discussed  in  detail  previously  in  relation  to  studies  of 
ionic  and  electronic  recombination  (Smith  and  Church  1976,  Alge  ei  al  1983)  A 
schematic  of  the  apparatus  is  given  in  figure  1.  In  brief,  the  principle  of  operation  is 
as  follows.  Flowing-afterglow  plasmas  are  created  in  a  tube  (—100  cm  long  and  -8  cm 
diameter)  by  a  microwave  discharge  through  a  fast-flowing  carrier  gas  (helium  in  the 
present  studies  at  pressures  between  0.5  and  1  Torr).  Hence  a  thermalised  afterglow 
is  distributed  along  the  length  of  the  flow  tube.  By  introducing  controlled  quantities 
of  appropriate  gases  into  the  afterglow  via  one  of  two  ‘ring  ports'  located  at  different 
positions  along  the  flow  tube  (see  figure  1(a)),  various  ionic  and  electronic  reactions 
can  be  studied  under  truly  thermalised  conditions  (Dean  ei  al  1974). 

The  ring  ports  are  shown  schematically  in  figure  1(a).  The  attaching  gas  was 
introduced  against  the  carrier  gas  flow  in  order  to  ensure  the  rapid  dispersion  of  the 
electron  attaching  gases  across  the  diametric  plane  of  the  flow  tube,  thus  minimising 
the  mixing  distance  (e).  Temperature  variation  over  the  approximation  range  80  to 


Figure  1.  (a)  Schematic  representation  of  the  falp  experiment  including  diagnostic 
instruments,  ionisation  source,  gas  inlet  ports  etc.  (t>)  Typical  variations  of  n,.  n.  and  n_ 
along  the  flow  tube  during  electron  attachment  studies. 
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600  K  is  achieved  by  heatin  or  cooling  the  complete  flow  tube.  The  essential  plasma 
diagnostic  is  a  small  cylindrical  Langmuir  probe  which  can  be  positioned  at  any  point 
on  the  axis  of  the  flow  tu(>e  (the  z  coordinate).  With  it,  the  electron,  positive-ion  and 
negative-ion  number  densities  (n„  n+  and  rt_,  respectively)  can  be  determined  with  a 
spatial  resolution  of  about  1  mm.  The  probe  technique  has  been  discussed  in  detail 
in  previous  papers  (Smith  and  Goodall  1968,  Smith  and  Plumb  1972).  A  pinhole 
orifice/differentially  pumped  mass  spectrometer/detection  system  is  located  at  the 
downstream  end  of  the  flow  tube  to  determine  the  positive-  and  negative-ion  composi¬ 
tion  of  the  afterglow  plasmas.  By  measuring  the  axial  gradients  of  nr,  n„  and  n  as 
appropriate,  and  also  the  plasma  flow  velocity,  t>p,  (typically  —  lO'crns-',  Adams  et 
al  1975)  the  rate  coefficients  for  a  wide  variety  of  reactions  can  be  determined. 


2.2.  Procedure 

In  the  present  experiments,  appropriate  quantities  of  the  electron  attaching  gases  were 
added  into  helium  afterglow  plasmas  into  which  a  sufficient  amount  of  argon 
(equivalent  to  a  pressure  of  a  few  miliitorr)  had  been  added  upstream  in  order  to 
destroy  all  He(2'S)  and  He(2,S)  metastable  atoms.  When  present  these  meiastable 
atoms  react  with  the  electron  attaching  gas  resulting  in  the  production  of  electrons  in 
the  afterglow.  nc  was  measured  with  the  probe  both  upstream  and  downstream  of  the 
attaching  gas  entry  port.  In  the  upstream  region,  the  loss  of  electrons  is  via  ambipolai 
diffusion  predominantly  with  Ar*  (and  some  He*)  and  the  ambipolar  diffusion 
coefficient  for  the  electrons,  D,t ,  is  readily  determined  from  the  nc  versus  z  data.  In 
the  downstream  region,  electron  attachment  occurs  in  addition  to  ambipolar  diffusion 
resulting  in  a  greatly  increased  loss  rate  of  electrons.  Analysis  of  the  nc  versus  z  data 
provides  a  value  for  the  electron  attachment  rate  coefficient,  p. 

In  these  experiments  it  is  essential  to  be  cognisant  of  the  following  important 
processes  which  if  not  properly  accounted  for  may  result  in  erroneous  P  values. 

(a)  Molecular  positive  ions,  m*,  are  inevitably  generated  to  some  degree  due  to 
ion-molecule  reactions  (rate  coefficient  k)  between  the  atomic  ions  Ar*  and  He*  and 
the  electron  attaching  gas,  m,  thus: 

k 

He+,Ar*  +  m  — *  m*  +  He,Ar. 

The.,  the  relatively  rapid  process  of  dissociative  recombination  of  m*  with  electrons 
(Bardsley  and  Biondi  1970)  can  enhance  the  rate  of  loss  of  nc,  unless  and/or  nm- 
(the  molecular  positive  ion  number  density)  are  sufficiently  small  that  recombination 
loss  is  insignificant.  Specifically,  the  loss  rate  of  electrons  via  dissociative  recombination, 
anenm*,  must  be  much  less  than  the  loss  rate  of  electrons  via  attachment,  Pntnm,  (a 
is  the  dissociative  recombination  coefficient  and  nm  is  the  number  density  of  the  electron 
attaching  gas,  m).  If  this  condition  is  not  satisfied,  then  the  decrease  of  nc  is  influenced 
by  the  production  rate  of  m+  (i.e.  knmnArJ  and  when  antnm-  >  }cnmnA,-  then  the  nt 
versus  z  data  provide  a  value  for  k.  The  values  of  k  determined  in  this  way  are  in 
acceptable  agreement  with  the  values  determined  in  associated  selected-ion  flow  tube 
(sift)  experiments  (see  §  3  and  table  2).  In  principle,  such  problems  can  be  eliminated 
by  performing  the  experiments  at  sufficiently  low  ne,  but  unfortunately  the  probe 
technique  did  not  allow  accurate  measurement  of  nc  much  below  10"  cm  ’. 
Consequently  we  were  unable  to  accurately  measure  P  values  smaller  than 
about  HT’cn^s-1.  Very  recently,  the  probe  technique  has  been  refined  to  allow 
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measurement  of  nc  as  low  as  l07cm-3,  thus  lowering  the  limiting  measurable  value 
of  p  to  about  10“10  cm3  s-1. 

( b )  When  studying  the  most  rapid  attachment  reactions  (e.g.  the  SF6  and  CC14 
reactions),  the  number  density  of  the  attaching  gas,  nm,  must  necessarily  be  very  small 
otherwise  ne  reduces  too  rapidly  with  z  (i.e.  dnjdz  is  too  large  to  allow  sufficiently 
accurate  nc  versus  z  measurements  to  be  made).  However,  nm  must  always  be 
appreciably  greater  than  ne,  otherwise  the  reduction  in  nm  due  to  the  attachment 
process  results  in  an  axial  gradient  in  nm.  This  would  greatly  complicate  the  interpreta¬ 
tion  of  the  nc  versus  z  data  usually  resulting  in  erroneously  small  p  values.  This  effect 
was  investigated  by  measuring  ‘P’  for  different  initial  values  of  nc  and  from  these 
studies  we  were  able  to  determine  initial  values  of  nc  for  which  accurate  P  determina¬ 
tions  could  be  made  (i.e.  for  which  f)  is  independent  of  ne). 

Of  the  gases  used  in  this  study,  the  CCI2F2  and  Cl2  were  taken  directly  from 
cylinders  and  passed  via  a  flow  measuring  system  into  the  afterglow.  However,  the 
very  large  p  for  the  SFA,  CC14  and  CCUF  reactions  necessitated  that  these  gases  were 
‘diluted'  with  helium  to  facilitate  accurate  measurements  of  the  flow  rates  into  the 
afterglow.  Since  CHClj  is  a  liquid,  it  was  also  necessary  to  use  a  mixture  of  its  vapoui 
with  He.  Mixtures  typically  consisted  of  0.1  to  1  %  of  the  attaching  gases,  Experiments 
were  carried  out  with  mixtures  of  different  relative  concentrations  to  check  for  con¬ 
sistency  in  preparation  and  calibration. 


2.3.  Data  analysis 

Suitable  plasma  conditions  have  been  established  such  that  electron  loss  in  the  reaction 
zone  was  due  only  to  ambipolar  diffusion  and  attachment.  The  appropriate  continuity 
equation  for  nc  is  then: 

V2nt~Pncnm.  (1) 

dz 

This  equation  cannot  be  solved  analytically  to  give  nc(z)  since  £>„c  is  a  function  of 
n_/nc  (i.e.  D.t  =  2£)+(l  +  n_/ne);  D+  is  the  free  diffusion  coefficient  appropriate  to 
the  positive  ions  present  in  the  plasma).  Oskam  (1958)  and  Biondi  (1958)  have 
indicated  how  nc(z)  can  be  obtained  from  equation  (1)  when  negative-ion  formation 
is  occurring.  Their  approach  is  to  solve  the  appropriate  continuity  equations  for  n,(z) 
and  n_(z)  and  hence  obtain  ne(z)  using  the  quasi-neutrality  condition  nc(z)  4  (z) = 

n+(z).  Expressions  for  both  n+(z)  and  n_(z)  are  readily  obtained  if  it  is  assumed  that 
(i)  n+  reduces  by  diffusion  only,  (ii)  diffusive  loss  of  n*  occurs  only  via  the  fundamental 
mode  and  (iii)  there  are  no  volume  loss  processes  for  negative  ions  (i.e.  no  negative-ion 
diffusion  or  recombination).  Under  these  circumstances: 


n«(*) 


ne(0) 


“p(-S2)-?txp(-f2). 


(2) 


where  pd  =DmJA2,  =  nmp  and  A  is  the  characteristic  diffusion  length  of  the  flow 
tube.  As  discussed  in  §  2. 2,  condition  (i)  can  be  satisfied  in  our  experiment  by  controlling 
nt  and  hence  eliminating  positive-ion-electron  recombination.  Condition  (ii)  is  met 
by  taking  measurements  sufficiently  far  downstream  such  that  higher-order  diffusion 
modes  have  decayed  (Smith  et  at  1975,  Adams  el  al  1975).  Condition  (iii)  is  satisfied 
since  even  for  large  ratios  of  «_/ nc,  the  ambipolar  space  charge  field  in  the  plasma 
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inhibits  diffusive  loss  of  negative  ions  (Oskam  1958),  and  since  it  can  readily  be  shown 
from  our  previous  detailed  studies  of  positive-ion-negative-ion  recombination  that  at 
small  n+  and  n_  ionic  recombination  loss  is  negligible.  As  can  be  seen  from  equation 
(2),  the  simplest  situation  from  the  data  analysis  viewpoint  would  be  to  obtain  data 
under  conditions  such  that  vD«  i>,  (whence  equation  (2)  reduces  to  nc(z)  =  nc(0) 
exp(—  t'.z/Op)).  In  practice  this  could  not  usually  be  achieved  (especially  at  445  and 
590  K)  and  so  the  data  were  analysed  according  to  equation  (2)  by  curve  fitting  using 
measured  values  for  the  parameters  vD,  nm  and  vp.  t>D  was  determined  in  the  upstream 
part  of  the  afterglow  or  in  the  absence  of  the  attaching  gas  (see  figures  1  and  2). 
Equation  (2)  predicts  that  the  In  ne  versus  z  curve  (see  figure  2)  will  have  an  increasing 
slope  with  increasing  z  (that  is,  as  n~/nc  increases)  becoming  very  steep  for  n  / ne »  l 
when  the  ambipolar  field  collapses  allowing  rapid  free  diffusion  of  the  remaining 
electrons  to  occur  (this  transition  to  free  diffusion  is  not  described  by  equation  (2)). 
Thus  a  rapid  transition  occurs  from  an  electron-dominated  plasma  to  a  negative-ion- 
dominated  plasma  devoid  of  electrons  (see  figure  1(h)).  When  this  transition  can  be 
initiated  at  sufficiently  high  n,.,  n_,  then  positive-ion-negative-ion  recombination  can 
be  studied  (Smith  and  Church  1976). 


Figure  2.  Electron  density  (nj  profiles  obtained  at  a  helium  piessure  of  0.6  Torr  and  a 
temperature  of  205  K.  O,  no  electron  attaching  gas  is  present;  n,  decreases  due  to  ambipolar 
diffusion  only.  In  the  presence  of  CCIjF  electron  attachment  increases  the  rate  of  loss  of 
ne:  •,  n(CCljF)  =  9x10'  cm~3;B,n(CCI3F)  =  1.6x  lO’cnT3.  The  transition  to  an  ion-ion 
plasma  is  evident  at  positions  of  30  and  40  cm  respectively. 


3.  Results  and  discussion 
3.1.  General  comments 

The  summarised  values  of  p  obtained  from  this  study  are  given  in  table  1  together 
with  some  previous  values  of  /3  determined  at  300  K  using  other  techniques.  Note 
that  only  upper  limit  values  are  given  for  the  three  slowest  reactions  at  200  K,  these 
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Table  1.  Summary  of  the  electron  attachment  coefficients,  ft,  obtained  in  the  present  study 
at  20S,  300,  453  and  590  K.  The  total  estimated  error  is  ±15%  at  205  and  300  K  and 
±20%  at  455  and  590  K.  Some  values  of  fi  obtained  at  300  K  by  other  workers  using  the 
techniques  indicated  are  also  listed. 


Electron  attachment  coefficients  fi  (cm’s  ') 


Present  results 

Previous  results, 
obtained  at  300  K 
using  the  techniques 
indicated  below 

Molecule 

205  K 

300  K 

455  K 

590  K 

ecu 

4.1 

3.9 

3.7 

3.5 

R  10“ 7 

4.1*.  4.1 b,  4.0‘,  3.55",  2  9‘,  2.91,  15". 
(4.2.  1.6,  4.4,  1.3)b 

CCljF 

2.2 

2.6 

3.6 

3.3 

x  10“ 7 

1.0'.  1.3'.  1.2C.  1.0“ .  2.43'.  2.37"' 

CCLFj 

<  1 

3.2 

16 

53 

x  10'® 

0  7'.  5.9".  1.7'.  1.36”.  1.2“  ~  lr. 

0  6".  0.4" 

CHC1, 

<  1 

4.4 

17 

36 

x  10“" 

(2.6.  2.2)'.  (2.2-2.61".  4  9‘.  3.8'. 

(3.8.  2.66.  2.3.  2.0)" 

Cl, 

<  1 

2.0 

3.3 

4.8 

x  10  v 

0.31',  1.2'.  3.7'.  0.28 

SF„ 

3.1 

3.1 

4.5 

4.0 

x  10" 7 

(3.9.  2.8.  0.54)".  2.6".  3  1".  (2.7.  2  NF 
2.21”,  2.0“,  2.21'.  2.28’" 

*  Mothes  and  Schindler  (1971);  ECR. 
bWarman  and  Sauer  (1971);  microwave. 

‘  Warman  and  Sauer  (1970);  microwave. 

“  Davis  el  al  (1973);  drift-dwell-drift. 

*  Blaunstein  and  Christophorou  (1968);  swarm. 

'  Bouby  el  al  (1965);  swarm. 

‘Lee  (1963);  swarm. 
b  Ayala  el  al  (1981b);  pulse  sampling. 

'Schumacher  era/  (1978);  ecr. 

'Wentworth  era/  (1969);  pulse  sampling. 
‘Christophorou  and  Stockdale  (1968);  swarm. 

1  McCorkle  el  al  (1982);  swarm. 

“"Crompton  era/  (1982)  and  Crompton  and  Haddad 
(1983);  Cavalleri  technique. 


"Chen  and  Chantry  (1972);  beam 
"Bansal  and  Fessenden  (1973),  microwave. 
p Christophorou  et  al  (1974),  swarm. 

*  Buchel'nikova  (1959);  total  ion  current. 
‘Schultes  el  al  (1975);  ECR. 

*  Christodoulides  el  al  (1975);  ECR 

'  Sides  et  al  (1976);  flowing  afterglow  at  350  K 
“  Mahan  and  Young  (1966);  stationary 
afterglow/microwave. 
y  Christophorou  et  al  (1971);  swarm. 
"Fehsenfeld  (1970);  flowing  afterglow. 

*  Davis  and  Nelson  (1970);  swarm. 

7  Fessenden  and  Bansal  (1970);  microwave. 
'Ayala  el  al  (1981a);  pulse  sampling. 


being  close  to  the  rate  coefficients  for  the  ion-molecule  reactions  of  the  attaching 
gases,  m,  with  Ar+  (the  dominant  positive  ion  in  the  plasma  prior  to  the  introduction 
of  the  attaching  gas).  The  reason  for  adopting  these  limiting  values  is  clear  from  the 
discussions  given  in  §  2.2.  The  rate  coefficients  for  the  Ar+  +  m  reactions  were  accurately 
determined  at  297  K  using  our  selected-ion  flow  tube  (sift)  apparatus  which  has  been 
described  in  detail  elsewhere  (Smith  and  Adams  1979).  These  rate  coefficients  are 
listed  in  table  2  which  also  includes  rate  coefficients  for  several  other  gases  which  were 
originally  included  in  this  attachment  study  but  for  which  the  values  were  found  to 
be  too  small  to  be  measured  by  the  present  technique.  The  rate  coefficients  for  all 
these  Ar+  +  m  reactions  are  essentially  equal  to  their  respective  ion-molecule  collisiona) 
limiting  values  (~  10~9cm3  s-1;  Su  and  Bowers  1973),  and  so  they  are  expected  to  be 
sensibly  independent  of  temperature  (Ferguson  1972,  Adams  and  Smith  1983). 

Sources  of  error  in  the  determination  of  /3  by  the  falp  technique  are  as  follows. 
Only  relative  values  of  ne  are  required  for  these  experiments  and  these  can  be 
determined  quite  accurately  (~2%).  ( Absolute  values  of  n,  can  be  determined  to 
about  10%,  most  of  this  error  being  due  to  uncertainty  in  the  surface  area  of  the 
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Table  2.  Rate  coefficients  measured  at  room  temperature  (297  K)  in  a  Sift  apparatus  (or 
the  reactions  of  Ar*  with  the  molecules  indicated.  Also  given  are  the  major  product  ions 
in  order  of  their  importance  in  the  product  spectrum. 


Reactant 

molecule 

Major 

product  ions 

Rate  coefficient 
(cm’s'1) 

CC14 

ccii.ccij 

8.1  x  JO10 

CCJjF 

cci2f*,  cci; 

8.7X10-'° 

CCIjFj 

CCIFJ.CCljF* 

1.1  x  lO'9 

CCIFj 

CFJ,  CCIFJ 

8.7x10''° 

cf4 

CFJ 

6.4x10-'° 

CHCI, 

ccr.CHcr 

1.4x10  9 

CH2CI3 

cH,cr 

1.7x10  9 

CH,CI 

CHt.CHjCF 

2. Ox  10'9 

Cl2 

cr  («o%).  ci;(2o%) 

5.6x  )0 

SF* 

sf; 

9.6X10'" 

NF, 

nf; 

9.5:<10 

Langmuir  probe).  The  plasma  flow  velocity,  ty,  and  the  attaching  gas  number  density 
are  both  uncertain  by  about  5%.  The  temperature  in  the  reaction  zone  is  also  subject 
to  a  small  uncertainty  (a  maximum  of  2%  at  all  temperatures).  The  largest  single 
source  of  error  relates  to  the  fitting  of  the  ne  versus  z  curves,  examples  of  which  are 
given  in  figure  2,  including  one  curve  for  the  pure  diffusion  case  from  which  p0  is 
obtained,  and  two  curves  relating  to  different  values  of  nm  from  which  the  values 
and  thus  the  /3  values  are  derived.  The  total  estimated  error  in  the  p  values  is  ±15% 
at  205  and  300  K  and  somewhat  larger  ( ±  20%)  at  455  and  590  K  due  to  the  greater 
importance  of  diffusive  loss  relative  to  attachment  loss. 

3.2.  Comments  on  the  individual  reactions 

3.2.1.  CCI4  and  CCljF.  Dissociative  attachment  is  so  fast  that  only  very  small  number 
densities  of  the  reactant  gases  (nm)  were  needed  in  the  afterglow.  Indeed,  the  required 
nm  were  so  small  that  positive-ion  reactions  did  not  occur  to  any  extent.  This  therefore 
ensured  that  molecular  positive  ions  were  not  produced  and  thus  electronic  and  ionic 
recombination  did  not  affect  the  ne  loss  rate.  In  both  reactions,  only  CLions  were 
observed  as  products: 

CCU  +  e  CC13 +  Cr  + 0.6  eV  (3) 

CCljF+e  -»  CC12F + CL  +  0.4  eV.  (4) 

The  energies  released  in  these  reactions  and  the  other  reactions  discussed  in  this  paper 
are  approximate  and  are  derived  from  data  taken  from  various  papers  (Wentworth  el 
al  1969,Fehsenfeld  1970,  Schultes  etal  1975,  Dispert  andLacmann  1978,  Schumacher 
etal  1978).  Production  of  F"  in  reaction  (4)  is  about  2  eV  endoergic  and  consequently 
none  was  observed  in  these  thermal  energy  experiments.  We  speculate  that  sequential 
reactions  of  this  kind: 

CCU  ^  CClj  CC12  .  .  .  (5) 

could  be  occurring  but  we  could  not  verify  this  because  the  product  ion  in  each  case 
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is  Cl~.  Although  the  second  reaction  stage  of  (5)  can  be  shown  to  be  exoergic  this  in 
itself  is  no  guarantee  of  an  appreciable  p  value  for  the  reaction. 

Table  1  indicates  that  our  0(CC14)  and  /3(CC13F)  values  at  300  K  are  in  good 
agreement  with  recent  values  obtained  by  other  workers.  A  small  decrease  of  /3(CC)4) 
with  temperature  has  been  observed  previously  (Warman  and  Sauer  1971)  and  a  slow 
decrease  in  P( CC14)  with  increasing  temperature  is  also  discernible  in  the  present  data. 
Conversely,  /J(CC13F)  slowly  but  definitely  increases  from  a  value  about  half  that  for 
/3(CC14)  at  205  K  to  a  maximum  value  which,  within  error,  is  equal  to  the  value  for 
/S(CC14)  at  455  K.  This  is  consistent  with  a  small  activation  energy  barrier,  Ea,  in  the 
CCI3F  reaction  as  indicated  by  the  previous  data  of  Wentworth  et  al  (1969).  An 
estimate  of  the  magnitude  of  £,(CC13F)  can  be  obtained  from  the  slope  of  an  Arrhenius 
plot  giving  Ea(CCl3F)  —  0.02 eV  (  =  2kJmol-1).  The  nature  of  activation  energy 
barriers  in  these  attachment  reactions  has  been  discussed  in  several  papers  (Wentworth 
et  al  1967,  1969,  Christodoulides  et  al  1975).  No  activation  energy  barrier  exists  in 
the  CC14  reaction.  The  very  large  value  for  p(CC\4)  of  3.9x  10~7  cm’ s  1  at  300  K  is 
close  to  /Imax'  the  theoretical  maximum  for  electron  attachment  where  - 
5xl0  7(300/T)1/3cm3s-1.  This  result  is  derived  from  the  theoretical  maximum  cross 
section  for  the  process  which  is  formulated  in  terms  of  the  electron  de  Broglie 
wavelength  (Warman  and  Sauer  1971).  At  455  K,  0(CC13F)  also  has  apparently 
reached  its  upper  limit  value  and  thus  both  it  and  P(CC\4)  can  only  decrease  at  higher 
temperatures.  A  more  sophisticated  theoretical  treatment  by  Klots  (1976)  assumes 
that  the  interaction  is  dominated  by  the  polarisation  potential  and  the  process  is  purely 
s-wave  capture.  This  approach  yields  a  value  for  p{CC\4)  of  3.29x10  7  cm’s-1  at 
room  temperature.  The  weak  negative  temperature  variation  of  0(CC14)  is  presumably 
a  reflection  of  the  weak  electron  energy  dependence  predicted  by  Klots’s  approach 
(West  et  al  1976,  Foltz  et  al  1977). 

3.2.2.  CCl2F2  and  CHCl2.  These  reactions  are  similar  to  each  other  in  that  appreciable 
activation  energy  barriers  exist  for  both  as  is  manifest  by  the  large  increase  in  the  p 
values  with  temperature  (table  1).  Again  Cl-  is  the  only  observed  product  ion  in  both 
reactions: 


CCl2F2  +  e  —  CC1F2 +  CP  + 0.3  eV  (6) 

CHCI3  +  e  -»  CHCl2  +  Cr+0.2eV.  (7) 

At  205  K  these  reactions  are  too  slow  to  allow  an  accurate  determination  of  p.  The 
previous  values  at  300  K  for  both  )3(CC!2F2)  and  0(CHC13)  are  quite  varied  (see 
table  1)  but  it  is  clear  that  the  present  values  are  somewhat  larger  than  the  majority. 
We  have  no  explanation  for  this.  From  the  present  data,  values  of  E ,  for  both  reactions 
have  been  obtained  from  the  slopes  of  the  Arrhenius  plots  shown  in  figure  3.  Thus 
E.(CC12F2)  =  0.1 5 eV  (=15kJmor*)  and  £.(CHC13)  =  0.12 eV  (s]2kJmoI  ’) 
which  are  in  good  agreement  in  both  cases  with  the  previous  values  derived  using 
different  techniques.  The  previous  values  inkT  mol"’  are:  CC12F2:  19  (electron  cyclo¬ 
tron  resonance  (ecr);  Schumacher  et  al  1978),  13  (electron  beam;  Chen  and  Chantry 
1972),  15  (pulse  sampling;  Wentworth  et  al  1969);  CHCI3:  10  (ecr;  Schultes  et  al 
1975),  9  (microwave;  Warman  and  Sauer  1971),  13  (pulse  sampling;  Wentworth  et 
al  1967).  That  there  is  good  agreement  between  the  E,  values  determined  using  these 
different  techniques  whereas  there  are  significant  differences  in  the  absolute  values  of 
P  implies  that  systematic  errors  are  involved  in  one  or  all  the  experiments.  They 
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Figure  3.  Arrhenius  plots  for  the  attachment  reactions  of  electrons  with  CC’ljF;  (•  I, 
CHCI3  (■)  and  Cl2  (A).  The  derived  activation  energies,  are  as  indicated 


could,  for  example,  be  due  to  the  determination  of  the  partial  pressures  of  the  attaching 
gases.  At  the  highest  temperature  of  the  present  experiments  0(CC12F2)  and  fi  (CHCl  j) 
are  both  approaching  an  order  of  magnitude  smaller  than  0m„.  Presumably  for 
these  reactions  would  be  approached  at  sufficiently  high  temperatures  such  that  the 
E,  do  not  impede  the  reactions. 

3.2.3.  Cl2.  The  present  /f(Cl2)  values  are  again  represented  by  an  Arrhenius  plot  in 
figure  3.  A  relatively  small  increase  in  /J(C12)  with  temperature  is  indicated  leading 
to  a  derived  activation  energy  E,(CI2)  —  0  05  eV  ( =  5  kJ  mol-1).  Again  it  is  perhaps 
significant  that  this  E,(C12)  is  in  good  agreement  with  the  ecr  value  of  Christodoulides 
et  al  (1975)  (also  5  kJ  mol-1)  but  the  magnitudes  of  the  corresponding  ecr  values  of 
0(C12)  are  smaller  by  about  a  factor  of  seven.  However  other  ecr  data  of  Schultes 
et  al  (1975)  from  the  same  laboratory  indicate  a  /3( Cl2)  at  300  K  only  a  factor  of  two 
smaller  than  the  present  value.  Flowing-afterglow  data  due  to  Sides  et  al  (1976) 
indicate  that  /3(C12)  =  (3.7±  1.7)x  10_9cm3 s_1  at  350K  which  is  in  closer  agreement 
with  the  present  value. 

A  discussion  of  the  mechanism  of  this  reaction  is  given  by  Christodoulides  et  al 
(1975)  where  it  is  concluded  that  the  dissociative  attachment  reaction  at  thermal 
energies  proceeds  via  the  intermediate  temporary  negative  ion  CIJ(3£„)  thus: 

Cl2  +  e  —  C1J(2S;)  —  Cl  +  Cl".  (8) 

Kurepa  et  al  (1981)  have  considered  several  possible  intermediate  Cl2  states  and  have 
calculated  0(CI2)  over  a  wide  range  of  mean  electron  energies  using  their  measured 
cross  section  data.  Their  calculated  values  are  quite  consistent  with  the  present  value 
obtained  at  300  K.  Significantly  their  calculations  show  little  change  of  0(CI2)  as  a 
function  of  the  mean  electron  energy  in  the  thermal  energy  regime.  Thus  it  appears 
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that  the  observed  increase  of  /J(C12)  with  temperature  in  our  experiments  is  mainly 
due  to  the  internal  excitation  of  Cl2  at  higher  temperatures. 

3.2.4.  SF6.  A  good  deal  of  effort  has  been  devoted  to  the  determination  of  the  rate 
coefficients  and  cross  sections  for  electron  attachment  to  SF6.  The  present  and  some 
previous  values  for  0(SF6)  are  given  in  table  1.  Most  of  the  previous  values  of  /3(SF6) 
lie  within  the  range  (2-3)  x  10-7  cm3  s_l  with  one  set  indicating  values  of  (2.2  ±  0.2)  x 
10'7  cm3  s_1  and  another  set  indicating  values  of  (2.8  ±  0.3)  x  10-7  cm3  s  '.  The  highest 
reported  value  of  3.9  x  10-7  cm3  s_1  was  obtained  using  the  pulse  sampling  technique 
(Ayala  et  al  1 98 1  b,  from  reanalysis  of  previous  data) ,  although  using  the  same  techniq  ue 
under  different  conditions,  values  of  2.8  and  0.54  x  10-7  cm3  s_l  were  also  obtained. 
The  present  300  K  value  for  0(SF6)  of  3.1  x  10~7  cm3  s'1  supports  the  previous  higher 
values  and  agrees  with  the  pulsed-afterglow  value  of  Mahan  and  Young  (1966)  of 
3.1  X10  7cm3s~*t.  Clearly  the  present  measurements  cannot  be  reconciled  with  the 
set  of  measurements  close  to  2.2  x  1  O’7  cm’  s'1  which  includes  the  recent  value  due 
to  Crompton  and  Haddad  (1983).  This  set  also  includes  the  flowing-afterglow  value 
of  Fehsenfeld  (1970)  who  also  measured  /3(SF6)  between  293  and  523  K.  and  concluded 
that,  within  the  scatter  of  his  data,  no  temperature  variation  of  0(SFJ  could  be 
discerned.  However,  within  the  present  data  there  is  an  indication  of  a  peak  in  )3(SF„i 
within  the  400-500  K  temperature  range  which  is  more  evident  if  only  the  SF„  channel 
is  considered  ( p  for  SF6  production  at  590K  is  about  3.0x  ]0  7 cm3 s  ’,  see  below). 
This  may  be  a  manifestation  of  the  peak  in  the  attachment  cross  section  for  SF„ 
production  at  very  low  electron  energies  (McCorkle  et  al  1980). 

It  is  worthy  of  note  that  electron  transfer  from  high  Rydberg  states  of  atoms  to 
electron-attaching  molecules  has  been  demonstrated  to  be  consistent  with  an  ‘essentially 
free’  electron  model  (Dunning  and  Stebbings  1982).  Rate  coefficients  of  about  4x 
10  7  cm3  s'1  have  been  derived  for  the  process  of  electron  transfer  from  Xe  Rydberg 
atoms  to  SF6  (referring  to  mean  electron  energies  below  20  meV)  by  Foltz  etal  (1977) 
which  tends  to  support  the  higher  values  for  /3(SF6)  derived  in  the  present  experiments. 
The  theory  of  Klots  (1976)  yields  a  value  for  /3(SF6)  of  2.64xl0~7cm3s“’  at  room 
temperature.  However,  it  is  interesting  to  note  that  the  ratio  of  the  present  experi¬ 
mental  values  of  /3(CC14)  to  /5(SF6)  at  300  K  is  identical  to  the  ratio  of  the  room 
temperature  values  calculated  by  Klots  (1976). 

The  SF6  reaction  is  unique  in  the  present  series  of  reactions  in  that  both  dissociative 
and  non-dissociative  attachment  occurs: 

SF6  +  e  — *  SFJ  +  1.4eV  (9a) 

-*  SFj  +F-0.1  eV  (9b) 

Fehsenfeld  (1970)  observed  that  the  fraction  of  the  SFJ  product  increased  with 
increasing  temperature  according  to  an  Arrhenius-type  law,  and  deduced  a  value  of 
E,  =  0.4 3eV  (^43  kJ  mol-1)  for  reaction  (9b).  Compatible  results  were  obtained  in 
the  present  experiments,  the  ratio  SFJ/SFJ  being  about  5xlO-3  at  300  K,  about 
7x  10~2  at  455  K  and  about  0.25  at  590  K.  Again,  therefore,  it  appears  that  systematic 
errors  are  involved  in  either  the  present  and/or  Fehsenfeld’s  experiments  which  do 
not  lead  to  serious  differences  in  derived  Et  values  (determined  from  SFJ/SFJ  ratios) 
but  do  result  in  significant  differences  in  the  absolute  values  of  0(SF6). 

1  Fessenden  ind  Binsal  (1970)  state  that  this  value  was  incorrectly  reported  and  that  the  correct  value  is 
2.7  x  lO^cm3*-1. 
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4.  Conclusions 

The  afterglow  plasma  is  an  ideal  medium  in  which  to  determine  electron  attachment 
reaction  rate  coefficients  under  truly  thermal  conditions  and  over  appreciable  tem¬ 
perature  ranges.  In  this  study  we  have  measured  attachment  rate  coefficients,  p,  for 
several  gases.  For  the  very  fast  reactions,  for  which  the  p  only  vary  slowly  with 
temperature  and  which  are  essentially  at  their  theoretical  maximum  values  (e.g.  those 
for  the  CC14  and  CC13F  reactions),  our  data  are  in  good  agreement  with  previous  data. 
For  the  slower  reactions  (i.e.  CHC13,  CC12F2  and  Ci2)  for  which  the  p  vary  exponentially 
with  temperature,  our  p  values  appear  to  be  somewhat  larger  than  previous  values 
and  yet  the  activation  energies  derived  from  our  data  for  these  reactions  are  in  good 
agreement  with  previous  values.  Systematic  errors  in  the  present  or  the  previous 
experiments  could  explain  such  differences.  It  appears  from  the  present  data  that  a 
maximum  occurs  in  0(SF6)  in  the  400-500  K  range.  Since  it  is  known  that  there  is  a 
maximum  in  the  cross  section  for  low-energy  electron  attachment  collisions  with  SF„. 
we  presume  that  this  is  a  contributing  factor  to  the  maximum  observed  in  /3 ( SFr.  1 . 
Clearly,  however,  the  temperature  dependence  of  the  thermal  rate  coefficients  are  a 
convolution  of  the  variations  of  the  cross  sections  with  both  electron  energy  and  with 
the  temperature  of  the  attaching  gas  (the  rotational  and  vibrational  states! ,  folded 
with  the  Maxwellian  distribution  of  the  electron  energies  in  the  thermalised  plasma. 
Often  an  increasing  electron  energy  results  in  decreasing  P  (Christophorou  el  al  1971. 
McCorkle  et  al  1980)  whereas  an  increase  in  internal  excitation  of  the  attaching 
molecules  usually  results  in  an  increase  in  P  as  activation  energy  barriers  are  overcome. 
The  latter  phenomenon  is  manifest  by  the  present  data  for  0(CC12F2)  and  /?(CHC13). 
Thus  it  is  clear  that  temperature  dependence  studies  of  p  can  provide  fundamental 
information  on  electron/molecule  interactions  and  interaction  potentials. 
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Abstract 


The  rate  coefficients,  @  ,  for  the  attachment  reactions  of 

electrons  with  c-C^F^,  CH^Br,  CF^Br,  CH^Brp  and  CH^I  have  been  determined 

under  truly  thermal  conditions  at  temperatures  in  the  range  200  to 

600K  using  the  flowing  afterglow/Langmuir  probe  technique.  The  yS  values 

(in  units  of  cmV)  at  300K  are  6.8  x  10-^,  6  x  10-1^,  1.6  x  10-^, 

8  7 

9*3  x  10  ,  and  1.2  x  10  respectively.  The  for  all  of  the  reactions 

increase  with  temperature  and  approach  the  theoretical  maximum  value 
of  yg  at  high  temperatures.  From  Arrhenius  plots,  activation  energies 
for  the  reactions  have  been  determined  to  be  40 ,  300,  cC ,  30  and  23. 
millielectronvolts  respectively.  All  of  the  reactions,  excert  for  that 
with  c-C^F^  (for  which  electron  attachment  is  apparently  ncr-dissociutivc- ) , 
proceed  by  exoergic  dissociative  attachment  producing  halogen  atomic 
negative  ions.  The  data  are  compared  with  previous  data  where  these 
are  available. 
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1.  Introduction 


Electron  attachment  reactions  have  been  studied  for  decades  using 
a  variety  of  techniques.  Much  of  the  early  work  has  been  reviewed  in 
the  books  by  Christophorou  (1971)  and  by  Massey  (19?6),  and  since  their 
publication  many  research  papers  (see  later)  have  reported  measurements 
of  attachment  rate  coefficients,  henceforth  designated  by  {3  in  units  of 

3  -1 

cm  s 

However,  few  studies  of  the  temperature  variation  of  have  been 
carried  out  especially  under  thermalised  conditions  (i.e.  for  equal 
electron  and  gas  temperatures).  In  a  very  recent  paper  (Smith  et  al 
1984),  we  reported  measurements  of  /3  at  several  temperatures  within  the 
range  200K  to  600K  for  CCl^,  Cgl^F,  CClpFp,  CK-1-,  t_;i  arid  Sr^.  Inese 
attachment  reactions  were  studied  in  a  thermalised  flowing  afterglow 
plasma  medium  using  our  flowing  afterglow/Langmuir  probe  (FALP)  apparatus. 
The  values  obtained  at  300K  were  in  most  cases  in  reasonable  agreement 
with  the  previous  values  (see  Smith  et  al  1984).  From  the  temperature 
variation  of  |S  ,  we  were  able  to  estimate  the  activation  energies,  Eg, 
for  some  of  the  attachment  reactions  and  again  these  are  in  reasonable 
agreement  with  previously  reported  values. 

Subsequently,  we  improved  our  Langmuir  probe  technique  and  this  now 
allows  us  to  determine  /3  values  some  two  orders-of-magnitude  smaller. 

In  this  paper,  we  report  our  measurements  of  {3  at  several  temperatures 
for  c-CrjF.^,  CHjBr,  CF^Br,  CHpBrp  and  CH^I.  These  reactions  have  not 
previously  been  studied  as  extensively  as  those  for  species  included  in 
our  initial  study  (except  for  C^F^^)  and  consequently  the  /S  values-even 
at  300K-are  not  so  well  established.  Both  absolute  values  of  and  the 

activation  energies  for  the  reactions  were  obtained  in  this  study. 


-  65  - 


2.  Experimental 

A  description  of  the  FALP  apparatus  has  been  given  in  previous 
papers  in  relation  to  studies  of  ionic  recombination  (Smith  and  Church 
1976,  Smith  and  Adams  1983)  and  electronic  recombination  (Alge  et  al 
1983) •  A  full  description  of  its  application  to  the  determination  of 
attachment  coefficients,  including  details  of  data  analysis,  is  given  in 
our  recent  paper  (Smith  et  al  1984).  Briefly,  the  attaching  gas  is 
introduced  at  a  measured  flow  rate  into  a  flowing  afterglow  plasma 
(carrier  gas  helium),  and  the  change  in  the  axial  electron  density 
gradient,  Jn/J  z,  in  the  plasma  resulting  from  the  loss  of  electrons 
to  form  negative  ions  is  monitored  using  a  Langmuir  probe.  Prior  to  tn- 
addition  of  the  attaching  gas,  the  only  positive  ions  presen  ir.  the 
plasma  are  He+  and  Ar+  ions  (the  latter  ions  are  formed  when  Ar  is 
added  to  the  plasma  to  remove  metastable  helium  atoms)  and  then, 
is  due  only  to  ambipolar  diffusion.  However  when  the  attaching  gas  is 
added,  then  another  unwanted  electron  loss  process  is  possible  because 
ion-molecule  reactions  can  result  in  the  conversion  of  the  non-recombining 
He+  and  Ar+  atomic  ions  to  the  rapidly  recombining  molecular  ions  (derived 
from  the  attaching  gas).  The  large  dissociative  recombination  coefficients 
for  molecular  ions  may  therefore  contribute  to  the  observed  increase  in 
9ng/(}z,  thus  resulting  in  erroneous  ^  values.  To  avoid  this  potential 
problem,  the  experiments  are  carried  out  at  the  smallest  values  of  ng 
possible  (the  recombination  loss  rate  is  proportional  to  nenm+ ’  where 
nm+  is  the  density  of  the  molecular  positive  ions,  Smith  et  al  1984). 

For  gases  which  have  large^S,  this  problem  does  not  arise  since  only  very 
small  amounts  of  attaching  gas  are  added  to  the  plasma  and  thus  there  is 
an  insignificant  conversion  of  He+  and  Ar+  ions  to  molecular  ions. 
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The  lower  limit  of  which  can  be  measured  is  determined  by  the 

smallest  n  which  can  be  accurately  measured.  Improvements  to  our 
e 

Langmuir  probe  data  acquisition  technique  have  enabled  us  to  measure 

n  down  to  lO^cm-^  and  thus  to  determine/?  values  as  small  as~10  cm  6 
e 

(note  that  in  no  way  do  these  improvements  in  technique  diminish  the 
accuracy  of  our  previous  measurements  of  /S  for  other  molecules,  Smith 
et  al  1984) • 

The  rapidity  of  many  of  the  attachment  reactions  included  in  this 
study  required  the  introduction  of  very  small  flow  rates  of  the  attaching 
gases  into  the  afterglow  plasma  and  this  required  that  the  gases  were 
diluted  with  helium  to  facilitate  accurate  measurement  of  flow  rates. 

For  the  gases  used  in  this  study,  the  mixtures  typically  consisted  of 
1-2%  of  the  attaching  gas  except  for  the  CH^Br  which  had  to  be  introduced 
as  the  'neat'  vapour  because  of  the  relatively  small f3  for  this  species. 
Mixtures  of  different  relative  concentrations  were  used  to  check  for 
consistency  in  their  preparation. 

Measurements  were  carried  out  at  205,  300,  452  and  585K  (except 
for  CHjBr  which  could  not  be  studied  at  205K  because  of  its  very  small  fZ 
at  this  temperature).  We  estimate  that  the  derived  values  of  ft  are 
accurate  to  -15%  at  205  and  JOOK  and  -20%  at  452K  and  585K  (for  details 
see  our  previous  paper.  Smith  et  al  1984). 


Results  and  Discussion 


3-1  General  Comments. 


The  values  of obtained  for  c-C^F,^,  CH^Br,  CF,Br,  CH2Br2  and  CH^I 
in  this  study  are  given  in  Table  1  together  with  some  values  previously 
obtained  at  JOOK  by  other  workers.  The  values  of  /5  cover  the  wide  range 
from  1.8  x  ICT'cnrs-  to  6  x  10“  Ccm  s  and  a  variation  of  p  with 
temperature  was  apparent  for  all  gases  studied.  Hence  the  data  are  also 
presented  in  the  form  of  Arrhenius  plots  in  figure  1  from  v.’hich  activation 


are  also  given  in  Table  1  together  with  previously  obtained  values. 

Also  included  in  figure  1  is  ^max  (2^5  x  10”^(300/T)^  cm^s”"1),  the 
theoretical  maximum  value  of  ^3  which  is  derived  from  the  theoretical 
maximum  cross  section  for  the  attachment  process  as  formulated  in  terms 
of  the  electron  de  Broglie  wavelength  (Warman  and  Sauer  1971).  Notice 
that  all  of  the  measured  are  significantly  smaller  than  (3  max  over 
the  available  temperature  range  and  thus  none  of  the  gases  used  in  this 
study  are  such  efficient  electron  scavengers  at  thermal  energies  as 
SF^  and  CCl^  (Smith  et  al  198*0.  A  more  sophisticated  theoretical 
estimate  for  (Q  has  been  given  bv  Klots  (1976)  which  tri.-:cr  i.'.i. 

account  the  polarizability  of  the  attaching  molecule.  Value:  /S . 

so  derived  are  somewhat  smaller  than  those  indicate sir:.:  -• 
relationship  for  /9  max  given  above. 

Below,  we  discuss  briefly  the  R  and  E  values  obtained  for  each 
molecular  species  and  compare  them  with  the  limited  amount  of  previous 
data.  That  the  E  for  these  reactions  are  appreciable  implies  a 
sensitivity  of  ft  on  temperature  and  as  such  the  measured  /§  can  be  used 
as  an  indicator  of  the  experimental  conditions  (ie.  the  electron  (Te) 
and  gas  (Tg)  temperatures,  mean  electron  energy,  energy  distribution  etc.). 

Whilst  the  present  FALP  values  of  f3  were  obtained  under  truly 
thermalised  conditions,  this  is  not  the  case  for  many  of  the  other  previous 
values  given  in  Table  1  (which  ostensibly  relate  to  JOOK) ,  and  we 
suggest  that  this  in  some  cases,  explains  the  rather  large  differences 
in  the values  obtained  for  some  reactions.  The  reasonably  good 
agreement  between  the  E  determined  using  the  pulse  technique  of 
Wentworth  et  al  (1969)  and  the  FALP  technique  (see  Table  1)  is  n  clear 
indication  of  the  thermalised  conditions  in  both  experiments. 
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3.2  Comments  on  the  Individual  Reactions 


3.2.1.  c-C^F.^.  This  is  the  cyclic  compound  perfluoromethylcyclohexane. 

We  deal  with  this  species  first  since  it  has  been  studied  more  extensively 
than  the  others  in  the  present  group  (see  Table  1).  It  is  also  unique 
in  the  group  in  that  the  reaction  proceeds  via  a  three-body  process  in 
which,  first  the  excited  parent  negative  ion  is  formed,  which  then  can 
either  autoionize  or  be  stabilised  in  collision  with  a  helium  bath  gas 
atom  (Mahan  and  Young  1966) 

c-C7Fl4  +  e  - ^  (c-C7Fli4  }  "  "!e— >  c-c7^ 

However,  we  are  not  able  to  definitely  confirm  that  C r_F17  was  the.  only 

product  ion  since  the  large  mass  of  this  negative  ion  (' /  -  r.  ~  ar.u )  war 

above  the  range  accessible  with  our  quadrupole  mass  filter,  however 

we  are  able  to  state  that  no  negative  ion  of  m/e  <  srr.u  was  a  reaction 

product.  The  at  300K  for  the  reaction  is  several  times  smaller  than 

Q  ,  increasing  towards  R  at  the  higher  temperatures.  Since  the 
i  max 

—  * 

mean  time  for  collisions  of  (CyF^  )  with  helium  atoms  (^  10  '  sec  )  is 

much  shorter  than  the  autoionization  lifetime  ('V'lO'^sec;  Naff  et  al  1968), 

then  we  feel  justified  in  interpreting  the  increase  in  ft  with  temperature 

in  terms  of  an  activation  energy  for  the  initial  electron  attachment  step. 

Thus  from  the  linear  Arrhenius  plot  in  figure  1,  E  =  4  0  meV  (  =  4  kJ  mole”  ) 

This  is  appreciably  smaller  than  the  value  previously  determined  by  Chen 

et  al  (1968),  although  it  is  not  clear  from  their  paper  if  the  73  meV 

given  in  Table  1  actually  refers  to  an  activation  energy  in  the  normal 

(Arrhenius  )  sense.  There  is  evidence  from  previous  studies  for  an 

increasing  p  with  increasing  T  (Davis  et  al  1973)  and  for  an  increasing 

e 

cross  section,  c-",  for  electron  attachment  with  increasing  electron  energy, 

Eg,  reaching  a  peak  near  to  Eg  0.15  eV  (Mothes  et  al  1972).  The 
earliest  values  of  /9  at  JOOK  (see  Table  l)  are  grouped  near  to  8  x  10”^ 
enrs  and  more  recent  values  are  nearer  to  5  x  10”  cm',s”  .  Hie  present 

O  7 

value  at  300K  is  (tantalizinglyl)  between  these  at  6.8  x  10"°cm^s”  . 
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3.2.2.  CHjBr.  This  reaction,  in  common  with  the  remaining  reactions 
in  the  group,  proceeds  via  exoergic  dissocative  electron  attachment: 

CH^Br  +  e  - >  CH^  +  Br"  +  0.36eV 

Br  was  the  only  observed  product  ion  at  each  temperature.  A  remarkable 

increase  in  (3  occurs  between  300K  and  585K  indicating  a  large  E&  for 

the  reaction.  Our  j8  at  300K  is  subject  to  rather  a  large  uncertainty 

(1  50%)  since  it  is  close  to  threshold  for  our  measurements.  This 

inevitably  places  an  appreciable  error  on  the  derived  E^  (from  figure  l) 

but  nevertheless  it  is  in  reasonable  agreement  with  that  obtained  by 

Wentworth  et  al  (19&9)  (see  Table  1).  Clearly,  derive::  value; 

for  this  reaction  will  be  very  sensitively  dependent  on  oorarvur  •;  r 

thermal  equilibrum.  Significantly,  relatively  iarre  valuer  we.—,  ot'.aint--: 

_q  7  _i 

from  the  non -thermal  experiments  0 10  "err:;  ,  see  m:.,,  ■; 

thought  to  relate  to  300 K.  However,  the  data  obtained  fro::,  thermal 
experiments,  including  the  present  value,  indicate  a  300K  value  of 
ry/5  x  10  ^cm^s  **  i.e.  some  five  orders-of-magnitude  smaller  than 
There  is  experimental  evidence  for  a  peak  int^at  a  small  E^  (~0.05  to 
0 . 35eV )  and  a  1g  =  300K  (Mothes  et  al  1972,  Stockdale  et  al  197*0. 
Detailed  investigations  of  the  variation  of  and  eras  a  function  of 
T  ,  E  and  1^  are  necessary  to  identify  the  critical  parameters  which 
determine  the  course  of  this  interesting  reaction. 


3.2.3.  CF^Br.  This  reaction  proceeds  thus: 


CF_Br  +  e  - >  CF_  4  Br"  4  0.4leV 

3  3 

Again  Br"  is  the  only  observed  product  at  each  temperature.  This  reaction 
also  has  an  appreciable  E  causing  (3  to  increase  by  more  than  an 
order-of-magnitude  for  a  temperature  increase  from  205  to  585H.  There 
are  few  previous  data  with  which  to  compare  our  results.  Spence  and 
Schulz  (1973)  showed  that  the  energy  integrated  cross  section  for  the 
reaction  did  increase  with  increasing  temperature  of  the  CE„Lr  molecules. 


Blaunstein  and  Christophorou  (1968)  re-interpreted  the  early  data  of  Lee 


(1963)  and  showed  that  the  mean o' decreases  with  increasing  mean  Eg  i.e. 
in  the  opposite  sense  to  the  change  of  j3  with  temperature.  They  also 
derived  a  value  for  ft  at  300K  which  is  in  good  agreement  with  the 
present  value  (see  Table  l).  Note  the  present  data  show  that  ft  quite 
rapidly  approaches  /^max  as  the  temperature  increases. 


3.2.4.  CH2Br2.  This  reaction  proceeds  thus: 


CH2Br2  +  6 


->•  CH^Br  +  Br  +  0.6.5eV 


The  reaction  exhibits  a  small  activation  energy  (see  Table  1).  T },e  E_ 
derived  from  our  data  (from  the  three  highest  temperature  pcir.tr)  i: 
within  error  in  agreement  with  that  due  to  Wentworth  et  a  ".  'K'E-/.  The 
205K  point  does  not  lie  on  the  linear  plot  indicatinr  tr.a:  a:,  armer-iur 
plot  is  not  appropriate  over  the  complete  temperature  range .  A:  me 
highest  temperature,  ft  has  increased  to  within  a  factor  of  two  of  ^ m.,y- 
Spence  and  Schulz  (1973)  showed  that  the  energy  integrated  cross  section 
for  this  reaction  did  not  noticably  change  with  increasing  temperature 
of  the  CH^Br^  molecules  and  Blaunstein  and  Christophorou  (1968),  again 
from  a  re-interpretation  of  Lee's  data,  showed  that  the  decrease  in  the 
mean with  increasing  Eg  was  much  less  rapid  than  for  CF  Er  which  is 
qualitatively  consistent  with  the  relative  rates  of  change  of  ft  with 
temperature  for  the  two  species.  However  the  derived  value  of  ft  for 
CH^Br^  from  Lee's  data,  is  a  factor  of  about  three  smaller  than  the 
present  value  and  thus  well  outside  the  error  limits  of  our  measurements. 


3.2.5-  CH^I.  This  reaction  also  proceeds  by  exoergic  dissociative 
attachment 

CH^I  +  e  - >  CH^  +  1“  +  0.6leV 

in  this  case  I  being  the 'only  observed  product  ion  over  the  accessible 
temperature  range.  However,  in  this  reaction,  although  our  data  indicates 
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an  increasing  ft  between  200  and  ^52K,  the  value  at  585K  is  smaller 

than  at  452K  (the  relative  error  in  ft  is  less  than  the  -20#  appropriate 

to  each  absolute  value).  Of  course,  ft  must  begin  to  decrease  at  some 

temperature ;  the  observed  decrease  is  only  mildly  surprising  since  ft 

at  the  peak  is  within  about  a  factor  of  two  of  ft  .  The  Arrhenius 

plot  for  the  three  lowest  temperature  data  points  indicates  a  small 

E  which  is  in  good  agreement  with  that  obtained  by  Wentworth  et  al 
a 

(1969).  The  ft  derived  by  Blaunstein  and  Christophorou  (1968)  from  Lee's 
data,  ostensibly  referring  to  300K,  is  several  times  smaller  than  the 
present  value.  The  cross  sections  for  this  reaction  have  beer,  investi rated 
by  Spence  and  Schulz  (1973)  and  by  Stockaale  et  al  (lr-7-). 

4 .  Conclusions 

The  rate  coefficients,  ft  ,  for  each  of  the  attachment  reactions 
included  in  this  study  are  controlled  by  the  presence  of  an  activation  energy 
barrier  as  is  manifest  by  the  increasing  ft  values  with  increasing  temperature. 
In  the  case  of  dissociative  attachment,  this  is  generally  understood  to  occur 
as  a  result  of  the  internal  excitation  of  the  reactant  molecules  - 
either  thermally  in  collisions  with  the  helium  carrier  gas  atoms  or  via 
electron  collisional  excitation  -  to  a  state  which  is  crossed  by  a 
repulsive  atomic  negative  ion/neutral  radical  potential  curve  (e.g.  see 
Wentworth  et  al  1969).  The  c-C  reaction  occurs  via  a  three-body 
process  in  which  an  excited  parent  negative  ion  is  formed  and  is 
stabilized  in  a  collision  with  a  helium  atom.  Nevertheless,  the  ft 
for  this  reaction  also  increases  with  temperature  in  a  similar  manner 
to  the  other  (dissociative)  attachment  reactions. 

Where  other  truly  thermal  values  of  ft  are  available,  these  and 
the  derived  E  values  are  in  good  agreement  with  the  present  FA1.P  data. 

However  discrepances  are  evident  between  the  thermal  data  and  those 
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obtained  using  non-thermal  techniques,  highlighting  the  differences 
between  electron  temperature,  molecule  temperature  and  electron  energy 
in  influencing  the  rate  of  electron  attachment.  Detailed  studies  of 
specific  attachment  reactions  are  required  at  several  fixed  molecule 
temperatures  for  varying  electron  energies  in  order  to  better  understand 
the  detailed  mechanisms  of  this  type  of  reaction. 
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Table  Caption 

Table  1.  Electron  attachment  coefficients,  ft  ,  and  activation  energies, 

E  ,  obtained  in  the  present  EALP  study  at  205,  500,  452  and  585K.  The 

3. 

total  estimated  absolute  errors  in  fi  are  -15%  at  205  and  300K  and  -20%  at 

452  and  585K  (except  for  the  very  small  for  CH^Br  at  300K  for  which  it 

is  -50%).  The  E  values  are  considered  to  be  accurate  to  within  -20%. 
a 

Some  values  of  ft  at  300K  and  some  values  obtained  by  other  workers 
using  the  techniques  indicated  are  also  given. 

Figure  Caption 


Figure  1.  Arrhenius  plots  for  the  attachment  reactions  of  electrons  with 
the  molecules  indicated.  The  activation  energies,  ,  derived  from  these 
plots  are  given  in  Table  1.  The  dashed  line  represents  ft  .  - 

n  ■z  —  1 

5  x  10  1  (300/T )*  cm's  (see  text). 
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Data  are  presented  which  strongly  suggest  that  stabilisation  of  the  excited  intermediate  (Nj)*  complex  in  the  reaction 
(1)  Nj  +  2N2  (rate  coefficient  A))  occurs  via  N3  switching  whereas  for(2)Nj  +  N2  +  He  (rate  coefficient  k-,  I  it  occurs  via 
superelastic  He  collisions.  This  explains  the  differing  temperature  variations  of  A)  and  previously  obtained  for  these  reac¬ 
tions.  Drift  tube  data  are  also  presented  which  show  how  k j  varies  with  Nj/Nj  centre-of-mass  energy  as  compared  with 
thermal  energy. 


1 .  Introduction 

The  rate  coefficients  A;  j  and  k2  for  the  association 
reactions 

N^  +  N2+N2^N;+N2  (1) 

and 

k 

N^  +  N2  +  He-+  N^  +  He  (2) 

have  been  measured  in  several  experiments  and  have 
become  “test  reactions”  for  most  experiments  in  which 
three-body  (ternary)  association  reactions  are  studied 
[1-6).  The  experimental  values  of  and  k2  have  also 
been  used  as  tests  of  theoretical  models  which  describe 
association  reactions  [7—10].  The  earliest  measurements 
of  A:  j  and  k2  were  made  over  relatively  small  tempera¬ 
ture  ranges  and  then,  as  is  usual,  the  values  were  fitted 
to  a  power  law  of  the  form  k  «  T~m .  Large  variations 
of  the  exponent  m  were  apparent  between  the  various 
experiments,  ranging  from  about  1 .5  to  4  for  both  re¬ 
actions  [11— 13).  However,  most  recent  studies  are  in 
much  closer  accord,  both  in  the  magnitudes  of  ki  and 
k2  and  in  the  respective  m  values  for  the  two  reactions. 
Thus  m  is  indicated  to  be  1 .7  ±  0.2  for  reaction  (1)  and 
23  ±02  for  reaction  (2)  over  the  approximate  tempera¬ 
ture  range  100-500  K  for  both  reactions  [11-13].  The 
interesting  question  is  why  the  k  and  m  values  are  dif¬ 
ferent  for  these  two  reactions.  The  reactions  are  envis¬ 
aged  to  proceed  thus; 


N2+N2t^(N4) 


N}  +  K2 

Nt  +  He*, 


(3a) 

(3b) 


where  Aa  is  the  rate  coefficient  for  the  formation  of 
the  excited  intermediate  complex,  (N4)*,  rd  is  its  life¬ 
time  against  unimolecular  decomposition, /is  the  colli¬ 
sion  stabilisation  efficiency  and  kc  is  the  collisional 
rate  coefficient  for  N£/N2  or  N^/He  collisions  as  ap¬ 
propriate.  In  recent  theories,  m  is  equated  to  {1/2  +  6), 
where  /  is  the  number  of  rotational  degrees  of  freedom 
in  the  separated  ion/molecule  reactants  which  com¬ 
bine  to  form  (N^)*,  and  6  is  included  as  a  parameter 
which  accounts  for  the  temperature  variation  of  the 
collisional  stabilisation  rate  coefficient,  fkc,  in  reactions 
(3a)  and  (3b).  Obviously,  the  binary  process  of  (N^)* 
formation  is  not  directly  dependent  on  the  nature  of 
the  third  body  (i.e.  the  bath  gases  N2  or  He  in  which 
the  reaction  is  occurring),  and  these  theories  predict 
that  the  rate  coefficient  for  this  stage  of  the  reaction 
should  vary  as  T-2.  The  observed  deviation  from  this 
T"2  dependence  can  therefore  be  attributed  at  least  in 
part  to  the  temperature  variation  of  the  collisional 
stabilisation  step  which  apparently  varies  as  7^(0. 3 1 0.2) 
for  reaction  (1)  and  7'-(0-3*0.2)  for  reaction  (2).  But 
why  are  these  temperature  dependences  different?  In 
a  recent  paper  [13],  we  suggested  that  the  stabilisation 
step  in  (3a)  proceeds  via  switching  of  N2  molecules; 


(N2-N')++N2-(N2N2)++N',  (4) 
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whereas  the  stabilisation  step  in  (3b)  involves  only 
superelastic  collisions  between  the  (N^)*  and  He  at¬ 
oms.  In  this  letter,  we  present  experimental  evidence 
from  drift  tube  studies  which  gives  some  support  to 
these  suggestions. 

2.  Experimental 

Very  recently  we  have  included  a  drift  tube  in  our 
variable -temperature  selected  ion  flow  tube  [14]  (thus 
converting  it  to  a  selected  ion  flow  drift  tube,  VT- 
SlFDT)and  with  it  ion— molecule  reactions  can  now 
be  studied  as  a  function  of  the  reactant  ion/reactant 
molecule  centre-of-mass  kinetic  energy,  KE^ ,  at  any 
carrier  gas  temperature  within  the  range  80-600  k. 

The  measurements  described  in  this  letter  are  the  first 
to  be  obtained  using  this  VT-S1FDT.  Reaction  (2)  and 
the  switching  reaction 

(14N214N2)+  +  15N2  -  (I4N21sN2)+  +  14N2  (5) 

have  been  studied  for  several  values  of  KE^  at  fixed 
gas  temperatures.  KE^  is  varied,  as  is  usual  in  drift 
tubes,  by  varying  the  parameter  E/N,  where  E  is  the 
electric  field  strength  established  in  the  carrier  gas  of 
number  density  N  [15].  KE^,  values  are  determined 
using  the  well-known  Wannier  expression  [16]  in  con¬ 
junction  with  the  ion  drift  velocities  (or  ionic  mobili¬ 
ties)  which  are  routinely  determined  in  the  VT-S1FDT 
using  conventional  techniques  [17,18], 

Reaction  (2)  was  studied  by  injecting  14N^  ions  into 
helium  carrier  gas  at  80  K  and  then  adding  14N2  at  a 
position  downstream  of  the  ion  injection  point  in  the 
usual  manner  [19],  Since  A2  decreases  with  increasing 
KEg,, ,  measurements  were  made  at  the  lowest  accessi¬ 
ble  carrier  gas  temperature  to  permit  accurate  measure¬ 
ments  of  kj  to  be  made  at  appreciable  KE^.  In  order 
to  establish  that  this  was  an  unsaturated  three-body 
reaction  under  our  experimental  conditions,  measure¬ 
ments  were  made  as  a  function  of  pressure  for  selected 
values  of  KE^ .  The  data,  as  exemplified  by  fig.  1 , 
established  that  we  were  indeed  studying  truly  un¬ 
saturated  three-body  kinetics. 

Reaction  (5)  was  studied  by  injecting  (14N2 14N2)+ 
ions  into  helium  carrier  gas  at  300  K  and  reacting  them 
with  ,5N2.  The  higher  carrier  gas  temperature  was 
chosen  for  these  measurements  because  higher  values 
of  E/N  (and  hence  KE^)  can  be  attained  at  this  higher 


Hp'itu"-  bresvuffr  .  1c-- 


l-'ij!.  1.  Variation  with  helium  prewm-  ot  the  etieeme  iwo-hod;, 
rate  coefficient,  Aj11.  lor  the  reaction  N;  *  N;  +  He  at  a  Kl  UI1 
of  15  meV  ami  a  gae  temperature  ot  SO  K  T  Ins  reaction  death 
exhibits  unsaturated  three-bods  kinetics  under  these  cotidi 
tions. 


temperature  [17J.  Measurements  were  made  at  E/N  = 
0  and  at  three  finite  values  of  E/N. 


3.  Results  and  discussion 

The  rate  coefficients,  k 5,  obtained  for  reaction  (5) 
are  given  in  table  1  where  it  can  be  seen  that  for  zero 
E/N  no  measurable  reaction  is  observed  (Aj  <  10' 12 
cm3  s_1  at  300  K).  However,  as  E/N  is  increased,  As 
becomes  quite  large,  reaching  about  307r  of  the  colli- 
sional  limiting  value  kc  (-  6.7  X  10~10  cm3  s'1 )  ai  the 
highest  E/N  achievable  in  the  experiment.  Significantly, 
at  the  highest  value  of  E/N  and  in  the  absence  of  15N2 
reactant  gas,  partial  collisional  break  up  of  the  14N^  in 
the  drift  field  becomes  apparent.  Clearly,  therefore,  col¬ 
lisional  excitation  of  the  must  be  occurring  in  the 
drift  tube.  We  believe  it  is  this  which  facilitates  the  ex¬ 
change  of  the  N2  molecules  in  the  (N^)*/N2  collisions 
thus  promoting  reaction  (5)  at  high  E/N.  The  data  of 
table  1  suggest  that  further  internal  excitation  of  the 
Nj  will  take  Aj  to  its  upper-limit  value  which  simple 
statistics  of  14N2/1SN2  exchange  in  reaction  (5)  indi¬ 
cate  to  be  §AC  (i.e.  4.4  X  10_1°  cm3  s'1).  It  seems  cer¬ 
tain,  therefore,  that  N2  exchange  will  be  facile  for  the 
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Table  1 

Rate  coefficients  for  the  reaction  I4nJ  +  ,sNj  -*  14N2,sNj 
+  uNj  for  he  values  of  E/N  indicated,  as  determined  in  the 
VT-SIFDT  at  a  helium  carrier  gas  pressure  of  0.4  Tort  and  a 
temperature  of  300  K.  The  KEcm  are  the  centre-of-mass  ki¬ 
netic  energies  of  the  Nj/Nj  interaction.  The  units  of  E/N  are 
townsends  (Td)  and  1  Td  =  10“ 17  V  cm7.  The  collisional  rate 
coefficient  for  this  reaction  is  6.7  X  1(T10  cm3  s'1 


E/N 

ad) 

KEcm 

(eV) 

Rate  coefficient 
(cm3  s'1) 

0 

0.039 

<  10'13 

36.1 

0.21 

4.0  X  10~n 

48.5 

0.31 

9.7  x  10'u 

67.9 

0.46 

1.8  x  10'10 

highly  excited  (N^)*  complexes  formed  in  the  associa¬ 
tion  reaction  ( 1 )  and  that  these  complexes  are  indeed 
stabilised  with  near  unit  efficiency  (/  =  1 )  by  this  pro¬ 
cess. 

Previous  measurements  have  clearly  shown  that  the 
magnitude  of  is  several  times  greater  than  k2  [13] 


Fig.  2.  Log- log  plots  of  (a)  (e)  and  k2  («,e)  as  a  function 

of  temperature  as  obtained  by  o  Bohringer  and  Arnold  1 1 1 ), 

•  Adams  and  Smith  |6]  and  •  Bohringer  et  al.  ( 13].  Detailed 
discussion  of  these  temperature  data  are  given  by  Bohringer  et 
al.  1 13].  (b)  k 2  as  a  function  of  KE^n  (A)  and  total  energy, 
(»)  at  a  gas  temperature  of  80  K.  The  absolute  error  on  each 
data  point  is  estimated  to  be  1 25%  except  at  the  highest  E/N 
where  the  error  is  ±30%.  Relative  errors  are  1 10%. 


(these  previous  data  are  reproduced  in  fig.  2  to  facili¬ 
tate  the  present  discussion),  indicating  that  the  effi¬ 
ciency  of  stabilisation  of  (N^)*  is  several  times  smaller 
for  superelastic  He  collisions  than  for  the  switching 
collisions  with  N2 .  The  latter  very  efficient  process  is 
also  expected  to  be  sensibly  independent  of  tempera¬ 
ture  in  common  with  most  rapid  ion-molecule  reac¬ 
tions  [20-22] .  This  would  mean  that  6  »  0  for  reac¬ 
tion  (1)  independent  of  temperature  and  therefore 
that  k  j  should  vary  as  T'-  (i.e.  as  T~l‘ 2).  That  the 
measured  variation  is  l-7j0-2)  (,  e  perhaps  as  slow 
as  T'1-5)  might  be  indicating  that  the  rotational  modes 
in  the  reactants  are  not  fully  active  in  prolonging  the 
lifetimes,  rd .  of  the  (N^  ]*  excited  complexes. 

A  further  implication  of  this  analysis  is  that  the  ef¬ 
ficiency  of  the  helium  atom  stabilisation  process  is  def¬ 
initely  temperature  dependent  and  that  the  t>  value  ap¬ 
propriate  to  the  temperature  range  studied  lies  between 
0.2  and  1.0  (obtained  by  considenng  the  limits  of  m 
for  reactions  ( 1 )  and  (2 )).  In  fact ,  it  can  be  argued  that 
for  reaction  (2),  6  itself  should  be  temperature  depen¬ 
dent,  since  at  low  temperatures  as / increases  towards 
its  maximum  value  of  1 ,  and  thus  becomes  indepen¬ 
dent  of  temperature,  then  5  will  reduce  to  zero  (at 
80  K ,/ «=  0.7  and  at  500  K ,/  =  0.2  as  derived  by  com¬ 
parison  of  At,  with  k2  at  80  and  500  K  taking  into  ac¬ 
count  the  collisional  rate  coefficients  for  the  +  N2 
and  +  He  collisions;  see  fig.  2a).  However,  if  6  in¬ 
creases  with  temperature,  T,  then  the  plot  of  In  k2 
against  In  T  will  not  be  linear.  Some  curvature  of  this 
plot  (fig.  2a)  is  discernible,  although  previously  this 
has  been  ignored  in  order  to  derive  a  wean  value  of  m 
[13].  Significantly,  for  reaction  (1)  the  In  A:,  against 
In  T  plot  is  more  linear,  suggesting  a  constant  value  of 
m  over  the  available  temperature  range  and  is  another 
indicator  that  6  «  0  and  /=  1  over  the  whole  tempera¬ 
ture  range,  as  suggested  above  for  this  reaction. 

Further  information  can  be  obtained  about  reaction 
(2)  from  the  drift  tube  data  of  k2  as  a  function  of 
KE^  which  is  presented  in  fig.  2b.  Clearly  an  increas¬ 
ing  KEpn,  results  in  a  reducing  k2  as  expected  if  the  ad¬ 
dition  of  energy  to  the  reactants  in  any  form  is  equiva¬ 
lent  to  an  increase  in  the  “effective  temperature  ”,  Tefr, 
of  the  reactants.  When  determining  TefJ  it  is  more  ap¬ 
propriate  to  consider  the  total  energy  in  the  interaction, 
Ej,  which  includes  all  available  sources  of  energy.  The 
E j-  is  composed  of  KE^  for  the  N^/N2  collision  to¬ 
gether  with  the  rotational  energies  of  the  Kj  ion  and 
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the  neutral  N2  molecule.  The  rotational  energy  of  the 
N2  is  that  appropriate  to  a  temperature  of  80  K  and 
that  for  is  assumed  to  be  the  equilibrium  rotational 
energy  attained  by  the  in  collisions  with  the  helium 
buffer  gas  (obtained  from  KE^  for  the  N^/He  colli¬ 
sions  (23)).  Vibrational  excitation  of  the  is  con¬ 
sidered  to  be  negligible  in  the  N^/He  collisions  at  the 
KE^  accessible  in  these  experiments.  k2  is  plotted  as 
a  function  of  Ej  in  fig.  2b  in  order  to  facilitate  com¬ 
parison  with  the  A: 2  versus  T  curve  shown  in  fig.  2a.  In 
order  to  more  readily  compare  these  curves,  Ej  has 
been  equated  to  \kT'c by  assuming  that  the  energy 
Ej  is  distributed  amongst  the  kinetic  and  rotational 
modes  discussed  above.  Another  “effective  tempera¬ 
ture”,  T'^  can  be  obtained  for  each  Ej  by  using  the 
measured  k~,  versus  T  plot  to  relate  Ej  to  temperature. 
When  this  is  done  it  is  apparent  that  T'en  is  appreciably 
larger  than  at  all  values  of  Ej  (e.g.  Tett  56  2  Teff  at 
the  highest  Ej).  This  implies  that  Ej ,  which  is  largely 
KE^  at  the  higher  Ej,  is  not  as  effectively  utilized  in 
reducing  rd  (and  hence  k 2)  as  is  truly  thermal  energy. 

1 1  is  also  possible  that  the  /  factor  does  not  decrease  as 
rapidly  with  Ej  as  it  does  with  T.  However,  detailed 
modeling  of  the  k2  against  Ej  curve  will  not  be  war¬ 
ranted  until  a  proper  description  of  the  interaction  can 
be  formulated  and  until  it  has  been  established  that  all 
sources  of  available  energy  have  been  properly  included 
in  Ej.  Certainly  this  curve  must  contain  information 
about  7d  and  /. 

The  separate  variation  of  Td  with  Ej  can  presumably 
be  obtained  by  studying  the  variation  of  k  j  with  KE^ 
(since  it  is  expected  for  this  N2  stabilized  reaction  that 
/«=  1  and  hence  it  is  independent  of  frT).  Some  such 
data  are  available  from  previous  drift  tube  studies  [11, 
24);  however  they  are  not  sufficiently  accurate  for 
any  positive  conclusions  to  be  drawn.  Unfortunately, 
sufficiently  accurate  measurements  of  k  j  cannot  be 
made  in  the  VT-S1FDT  when  the  buffer  gas  is  also  the 
reactant  gas,  as  is  the  case  in  this  reaction.  It  would 
also  be  profitable  to  determine  k  j  and  ife2  as  a  func¬ 
tion  of  Ej  at  different  T  in  order  to  more  fully  estab¬ 
lish  the  relative  importance  of  internal  and  kinetic  en¬ 
ergy  on  the  rate  coefficients  for  these  three -body  as¬ 
sociation  reactions. 


4.  Summary 

The  data  presented  here  strongly  support  ourear- 
320 


lier  suggestion  that  in  the  association  reactions  (1)  and 
(2),  stabilisation  of  the  (N^)*  excited  intermediate 
complexes  is  via  rapid  temperature-independent  N2 
switching  in  reaction  (1)  (i.e./  =  1  and  6  «=  0)  whereas 
for  reaction  (2)  stabilisation  occurs  via  He  superelastic 
collisions  which  become  increasingly  efficient  with  de¬ 
creasing  temperature  (i.e. /increases  as  T decreases). 
Thus  for  reaction  (2),  6  is  a  function  of  temperature 
and  this  we  believe  is  responsible  for  the  small,  but  sig¬ 
nificant,  departure  from  power  law  behaviour  in  the 
In  k2  against  In  T  plot. 

The  dependence  of  k-,  on  Ej  suggests  either  that  Ej 
(mostly  KE^,)  is  less  effective  than  truly  thermal  tem¬ 
perature  in  reducing  ki  or  that  the  stabilisation  effi¬ 
ciency,/,  varies  more  slowly  with  KEt.  than  with 
temperature.  A  separate  study  of  the  dependence  of 
A]  on£T  in  which  /is  invariant  (since  J  =  1 )  is  required 
to  determine  the  relative  importance  ol  these  two 
processes.  A  proper  theoretical  study  ol  the  rate  coef¬ 
ficients  for  association  reactions  which  can  be  deter¬ 
mined  in  drift  tube  experiments  is  urgently  needed. 
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Abstract 

Reaction  rate  coefficients  have  been  measured  in  a  variable  tem¬ 
perature  selected  ion  flow  drift  tube  (SIFDT)  for  the  reaction  C3H+  + 
H?  -►  C3H2+  +  H,  which  is  found  to  be  1  kcalmol-1  endothermic.  This 
implies  a  substantially  lower  value  for  AHf(C3H2+)  (329  ±3  kcalmol-1) 
than  has  previously  been  reported  (~  357  kcalmol-1).  The  C3H2+  ion 
reacts  with  H2  at  elevated  ion  kinetic  energy  to  produce  C3H3+  with  ~ 
4  kcalmol-1  endothermicity.  This  implies  that  the  C^H2+  ion  reacts  to 
form  the  linear  propargyl  ion,  CH2C  H  CH+,  AHf  =  281  kcalmol-1,  and 
not  the  more  stable  cyclic  C3H3+  ion,  AHf  =  257  kcalmol-1.  This  would 
seem  to  be  strong  evidence  that  the  C3H2+  ion  is  linear  and  not 
cyclic.  The  reaction  C2H2+  +  H2  -*■  C2H3+  +  H  is  found  to  be  1.6 
kcalmol-1  endothermic  which  implies  AHf(C2H3+)  =  267  ±  1  kcalmol-1, 
in  excellent  agreement  with  more  recent  determinations  that  are 
slightly  lower  than  older  values. 


*Permanent  address*  Aeronomy  Laboratory,  NOAA,  Boulder,  Colorado,  USA 
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Introduction 

Recently  a  series  of  hydrocarbon  ion  reactions  with  H2  were 
studied  in  connection  with  problems  of  molecular  synthesis  in 
interstellar  molecular  clouds*.  These  data  provided  some  interesting 
new  thermochemical  information  and  they  have  therefore  been  extended 
with  that  specific  objective  in  mind.  The  observation  of  fast  ion- 
molecule  reactions  is  a  clear  indication  that  the  reaction  is  exothermic. 
Slower,  but  observable,  reactions  can  be  at  most  only  slightly 
endothermic.  In  the  case  of  slightly  endothermic  reactions,  the  tem¬ 
perature  dependence  of  the  reaction  rate  coefficient  can  be  used  to 
determine  the  endothermicity  rather  precisely.  This  of  course  is  a 
fortuitous  circumstance  from  a  thermochemical  point  of  view.  In 
the  present  case,  the  binary  reaction  of  with  H2  was  observed 
to  produce  C3H2+.  This  reaction  is  ~25  kcalmol-*  endothermic  using 
literature  values  of  AHf(C3H+)  and  AHf(C3H2+),  implying  a  large  error 
in  one  of  these  values.  The  present  investigation  was  carried  out  to 
address  this  problem.  Additionally,  the  less  controversial  reaction 
^2^*2+  +  h2  £2^3*  +  H  was  studied  and  a  value  for  AHf(C2H3+)  was  derived. 

Experimental 

The  Birmingham  selected  ion  flow  tube  (SIFT)  experiment  has  been  exten¬ 
sively  used  to  study  ion-molecule  reactions  and  has  been  described  in  the 
literature2»3.  Recently,  a  drift  tube  has  been  included  in  this  SIFT  thus  con¬ 
verting  it  to  a  variable  temperature  selected  ion  flow  drift  tube  (VT-SIFDT). 
The  C2H2+  ions  were  generated  in  an  electron  impact  ion  source  containing  C2H4 
and  injected  into  helium  buffer  gas.  The  C3H+  ions  were  generated  in  this 
source  from  propyne  (methyl  acetylene).  The  reactant  neutral  H2  was  added  to 
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the  helium  carrier  gas  downstream  from  the  reactant  ion  entry  port, 
and  the  primary  ion  count  rates  were  measured  as  a  function  of  H2 
flow  rate  by  a  downstream  mass  spectrometer  detection  system.  Rate 
coefficients  were  obtained  in  the  usual  manner. 

Results 

The  reaction 

C2H2+  +  H2  C2H3+  +  H  (1) 

was  in  competition  with  a  fast  three-body  association  reaction, 

C2H2+  +  H2  +  He  C2H4+  +  He  (2) 

At  80K,  with  no  applied  electric  field,  E,  on  the  drift  tube  (i.e.  at 
zero  E/N,  N  =  helium  number  density),  only  the  three-body  reaction 
was  detected.  When  an  electric  field  was  applied,  the  binary  reac¬ 
tion  (1)  also  occurred.  At  300K,  with  the  He  pressure  ~  0.4  Torr, 
the  binary  channel  represented  about  14%  of  the  reaction,  k2  was  1.3 
x  10-27  cm6  s_1.  At  530K,  the  binary  channel  accounted  for  80%  of 
the  reaction.  This  data  leads  to  an  endothermicity  of  1.6  kcal 
mol-1.  Since  AHf(C2H2+)  is  very  well  known^  to  be  317  kcal  mol-1, 
from  ionization  potential  and  spectroscopic  measurements  (Rydberg 
series  limits)  for  acetylene,  this  leads  to  a  value  of  267+  1  kcal 
mol-1  for  AHf(C2H3+).  This  is  slightly  lower  than  the  tabulated 
value  269  kcal  mol'*  and  in  excellent  agreement  with  a  recent  value 
of  266  kcal  mol"*  of  Bohme,  et  al.^. 

The  reaction 

C3H+  +  H2  +  C^2+  +  H  (3) 

also  competed  with  a  fast  three-body  association, 

C3H+  +  H2  +  He  +•  C3H3+  +  He  (4) 
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At  80K,  only  reaction  (4)  is  observed  at  zero  E/to,  but  reaction  (3) 
appears  when  a  weak  electric  field  is  applied.  At  300K  reaction  (3) 
is  a  minor  channel  and  k^  =  2.6  x  10“2?  cm6  s-l.  At  550K,  the  binary 
channel  accounts  for  over  half  the  reaction.  From  these  data  an 
endothermicity  of  ~  1  kcal  mol-*  is  inferred.  This  in  turn  implies 
that  AHf(C3H+)-AHf(C3H2+)  =  AHf(H)-l  =  51  kcal  mol-1.  However,  the 
literature  values  for  these  heats  of  formation,  listed  in  Table  I, 
give  an  average  value  AHftCjH4)  -  AHf(C3H2+)  of  29  kcal  mol-1  with 
values  ranging  from  24  kcal  mol-1  for  allene  to  30  kcal  mol-1  for 
cyclopropene  sources  of  both  ions  (from  the  NBS  group6).  This  of 
course  is  a  very  large  discrepancy  although  A.C.  Parr  (private 
communication)  has  informed  us  that  the  value  of  AHf(C3H2+)  could  be 
lower  than  the  values  reported  in  the  NBS  studies.  Because  of  this 
ana  since  the  value  AHf(C3H+)  is  supported  by  theoretical 
calculations?  as  well  as  a  recent  C3  proton  affinity  determination^, 
we  assume  the  error  lies  in  the  value  of  AHf(C3H2+)  and  accordingly 
deduce  that  the  value  of  AHf(C3H2+)  =  332  kcal  mol-1,  with  the  same 
uncertainty  as  applies  to  AHf(C3H+)  which  seems  to  be  about  5  kcal 
mol-1.  This  uncertainty  is  large  compared  to  the  uncertainty  in  the 
endothermicity  of  reaction  (3). 

The  stable  form  of  C3H+  is  the  linear  HC=C-C+  ion  which  lies  52.7 
kcal  mol*1  below  an  excited  non-linear  form?.  In  view  of  the  fact 
that  the  results  of  the  present  studies  of  reactions  (3)  and  (4)  are 
the  same  for  ions  produced  by  electron  impact  on  propyne  and  via 
the  reaction  of  C3+  with  H2,  then  it  seems  unlikely  that  the  ions 
generated  in  the  electron  impact  ion  source  are  excited.  The  C3H+ 
ions  were  also  produced  from  propyne  in  the  NBS  measurements6  and  it 
seems  equally  unlikely  that  these  ions  were  excited. 
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In  addition  to  rationalizing  the  occurrence  of  reaction  (3),  the 
lower  value  for  AHf(cyi2+^  also  rationalizes  another  observation  by 
Herbst  et  al.1,  namely  the  failure  of  the  reaction 

C^2+  +  H2  -*•  C^3+  +  H  (5) 

to  occur,  l<5  <  5  x  10-1**  cm^  s-1  at  298K,  in  spite  of  the  large 
exothermicity  of  the  reaction.  This  is  an  exceptional  circumstance, 
since  a  large  number  of  exothermic  ion  reactions  with  H2  occur  very 
rapidly  by  H  atom  abstraction^ essentially  a  reaction  per  collision. 
This  includes?  the  ions  Ar+,  Ar2+,  CH+,  CH2+,  CHN+,  C0+,  C02+,  C2+, 
C2H+,  NH+,  0+,  0H+,  H20+,  N+,  and  N2+.  Exceptions  to  fast  exothermic 
H  atom  abstraction  from  H2  are  rare  if  any.  Presumably  the  problem 
here  is  essentially  a  steric  one,  the  most  stable  form  of  is  the 

cyclic  ring  structure.  Apparently  the  C3H2+  ion  does  not  abstract  an 
H  atom  from  H2  and  close  the  ring,  even  though  this  is  exothermic. 

This  does  not  seem  too  surprising  if  C3H2+  is  linear.  However  a 
linear  form  of  C3H3+  lies  24  kcal  mol-1  above  the  stable  ring  form11  (A 
theoretical  value10  for  the  energy  difference  between  the  ring  and 
linear  configurations  of  C3H3+  is  34  kcal  mol-1).  If  AHf(C3H2+)  were 
as  high  as  357  kcal  mol-1,  reaction  (5)  to  produce  linear  C3H3+  would 
be  exothermic  by  24  kcal  mol-1  and  so  it  would  be  difficult  to  explain 
the  lack  of  reactivity  since  the  geometrical  constraint  would  not 
apply.  With  the  present  value  AHf(C3H2+)  =  332  kcal  mol-1,  reaction 
(5)  to  form  linear  C3H3+  is  1  kcal  mol-1  endothermic.  Reaction  (5) 
was  also  studied  in  the  presence  of  a  drift  field.  Only  modest  values 
of  E/N‘were  required  to  drive  the  reaction  and  an  endothermicity  of  ~ 
4  kcal  mol-1  was  deduced.  Accordingly  we  recommend  a  value  of 


AHf(C3H2+)  of  329  +  3  kcal  mol-1.  Since  the  4  kcal  mol-1  endother- 
micity  of  reaction  (5)  corresponds  to  the  endothermicity  to  produce 
the  linear  propargyl  ion,  CH2C  ■  CH+  (AHf  =  281  kcal  mol-1)  this 
strongly  implies  that  a  linear  C3H2+  ion  reacts  with  H2  to  form  a 
linear  C3H3+  ion  at  threshold.  There  is  little  doubt  that  the  most 
stable  form  of  C3H2+  is  linear. 
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TABLE  I 


Ion  Heats  of  Formation 

Ion  AHf0°  (kcal  mol_l) 

(a)  (b)  (c)  (d) 

(e) 

(f) 

(g) 

(h) 

C2H2+  317 

c2h3+  269  266 

C3H3+  257 

(cyclic) 

CtjH3+  281  propargyl  H2C-C  =  CH+ 

(linear) 

267+1 

C3H+ 

381 

387 

390 

383+5 

383+B 

c3h2+ 

354 

357 

360 

329+5 

a)  Ref  4 

b)  Ref  5 

c)  Ref  6  A.P.  from  allene 

d)  Ref  6  A.P.  from  propyne 

e)  Ref  6  A.P.  from  cyclopropene 

f)  Ref  7  Theory 

g)  Ref  8  Proton  Affinity  of  C3 

h)  Present  results 


-  92  - 


REFERENCES 


1.  E.  Herbst,  N.G.  Adams  and  D.  Smith,  Astrophysical  J.,  269,  (1983) 

329. 

2.  N.G.  Adams  and  D.  Smith,  Int.  J.  Mass  Spectrom.  Ion  Phys.,  21, 

(1970)  349. 

3.  D.  Smith  and  N.G.  Adams,  in  "Gas  Phase  Ion  Chemistry",  Vol.  1, 

ed.  M.T.  Bowers  (New  York:  Academic  Press),  (1979)  p.  1. 

4.  H.M.  Rosenstock,  K.  Draxl,  B.W.  Steiner  and  J.T.  Herron,  j.  Phys. 

and  Chem.  Ref.  Data,  6,  1977  Supplement  No.  1. 

5.  D.  K.  Bohme,  A.B.  Rakshit  and  A.  Fox,  J.  Am.  Chem.  Soc.,  103, 

(1983)  5256. 

6.  A.C.  Parr,  A .0.  Jason  and  R.  Stockbauer,  Int.  J.  Mass  Spectrom 

Ion  Phys.,  33,  (1980)  243. 

7.  K.  Raghavachani ,  R.A.  Whiteside,  J.A.  Pople  and  P.v.R.  Schleyer, 

J.  Am.  Chem.  Soc.,  103,  (1981)  5649. 

8.  A.B.  Rakshit  and  D.K.  Bohme,  Int.  J.  Mass  Spectrom  Ion  Phys.,  49, 

(1983)  275. 

9.  D.L.  Albritton,  Atomic  Data  and  Nuclear  Tables,  22,  (1978)  1. 

10.  L.  Radom,  P.C.  Hariharan,  J.A.  Pople  and  P.v.R.  Schleyer,  J.  Am. 

Chem.  Soc.,  98,  (1976)  10. 


-  93  - 


APPENDIX  7 
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Rate  coefficients  for  the  reactions  N2(v  =  1)  +  02+  (u  =  0)— »N2(v  =  0)  4-  02+  (v  =  1)  and 
Nj(y  =  1)  +  NO+(«  =  OhN#  =  0)  +  NO+(u  =  1)  have  been  measured  in  a  SIFT/flowing 
afterglow  system  at  300  K,  the  first  measurements  of  thermal  energy  vibrational  transfer  from 
neutrals  to  ions.  The  values  are  At  =  1 X  10“ 15  and  <  10-l3cm3s_I,  respectively.  These  values  are 
consistent  with  an  intermediate  complex  vibrational  predissociation  model  which  has  been 
successful  in  rationalizing  earlier  ion  vibrational  relaxations  by  neutral  collisions.  The  NO+ 
result  establishes  that  the  efficient  quenching  of  NO+(i»  =  1)  by  N2  is  not  a  resonant  V—*V  process 
as  was  previously  assumed. 


I.  INTRODUCTION 

Recently,  measurements  of  the  rate  coefficients  kq  for 
the  vibrational  quenching  of  02+  (it)  ions1  and  NO+(u)  ions5 
by  a  variety  of  neutral  molecules  have  been  carried  out  in 
flow  drift  tubes.  The  values  of  kq  are  generally  relatively 
large,  decrease  with  increasing  center-of-mass  translational 
energy  of  the  reactant  ion-neutral  pair  in  the  drift  tube  and 
show  a  marked  correlation  with  the  ion-neutral  electrostatic 
bond  energy.  These  results  clearly  indicate  that  the  vibra¬ 
tional  relaxation  is  controlled  by  the  long  range  attractive 
forces.  Neutral-neutral  vibrational  relaxation  is  also  con¬ 
trolled  by  the  long  range  attractive  potential  in  those  (less 
common)  cases  where  a  large  interaction  potential  exists 
which  is  comparable  to  typical  ion-neutral  interaction  po¬ 
tentials  of  several  tenths  of  an  eV  or  greater. 

The  ion  vibrational  relaxation  is  described  rather  well 
by  an  intermediate  complex  model3-4  in  which  vibrational 
predissociation  of  the  complex  competes  with  normal  uni- 
molecular  decomposition  back  to  reactants.  Schematically 
this  model  can  be  represented  as 

‘.p 

AB»  +  X  a*  (ABX-X)—  AB>'<u)  +  X,  (1) 

A.-t  1 

where  kt,kK,  and  k^,  are  the  rate  coefficients  for  the  forma¬ 
tion  ofthe  complex,  for  its  unimolecular  decomposition  back 
to  the  reactants  ( =  r~  *),  and  for  the  vibrational  predissocia¬ 
tion,  respectively.  Vibrational  predissociation  occurs  when 
the  vibrational  energy  in  the  AB+  bond  is  transferred  to  the 
AB+--X  bond,  causing  the  complex  to  dissociate.  Vibra¬ 
tional  predissociation  has  been  recently  well  studied  in  the 
case  of  weakly  bound  neutral  van  der  Waals  molecules.9  For 
example,  the  weakly  bound  He-I2(v)  molecule  has  a  value  of 
k ^  =  4.5  X 10’ s- 1  when  the  I2  is  excited  to  the  v  =  12  lev¬ 
el.6  The  [AB+(y)  X]  complexes  are  unbound,  they  do  have 
significant  lifetimes  however,  due  to  rotational  excitation  of 
reactants1-6  and  motion  on  the  potential  surface. 

'‘Proem  Address:  Aeronomy  Laboratory,  NOAA,  Boulder,  Colorado 
80303. 

“Proem  Address:  LEP-VA  Division,  CERN,  CH-I21 1  Geneva  23,  Swit¬ 
zerland. 
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Remarkably,  the  values  of  kvp  for  most  of  the  vibration¬ 
al  quenching  reactions  for  which  they  have  been  deter¬ 
mined3)-- 10)  are  in  the  range  10v-10los“  1  and  insensitive  to 
the  nature  of  the  intermediate  complex.  The  rate  coefficient 
for  vibrational  quenching  by  the  mechanism  of  ( 1 )  is  given  by 


which  reduces  to  kck,p/ku  =  kckvpr  for  ku  >&vp  and  to  k, 
for  ku  <£„„  .Values  of  the  product  kc  r  can  be  obtained  from 
studies  of  the  three-body  association, 

*’ 

AB++X  +  M—AB+-X  +  M  (2) 

by  the  conventional  mechanism 

AB+  +X.si[AB+-X]^,AB+X  +  M  (3J~ 

r  k. 

from  which  the  three-body  rate  coefficient  k3  =  kck,r, 
where  k,,  the  stabilization  rate  coefficient  is  generally  as¬ 
sumed  to  be  equal  to  the  Langevin  collision  rate  coefficient, 
kL  ~  lire^a/fi.  Thus  k^  can  be  determined  as 
kyp  =  kqk,/k  3  for  those  cases  in  which  both  kq  and  k  3  have 
been  experimentally  determined  (and  for  which  ku  >  k^). 

Since  k ^  is  so  insensitive  to  the  particular  02+  and 
NO+,  complexes  involved  it  is  reasonable  to  expect  that  the 
vibrational  predissociation  of  the  complex  will  be  quite  com¬ 
parable  if  the  reactant  neutral  is  vibrationally  excited  rather 
than  the  ion  (so  long  as  they  have  comparable  frequencies).  It 
was  the  purpose  of  this  investigation  to  examine  this  conjec¬ 
ture.  In  addition,  as  we  shall  see,  one  may  discriminate 
between  possible  competitive  quenching  channels  by  exam¬ 
ining  the  reverse  of  one  such  channel  and  considering  de¬ 
tailed  balance. 

The  reactions  studied  in  the  present  investigation  were 


N2(i»  =  1)  +  02+  (ti  =  OHO,4  (v  =  1) 
+  N2)i>  =  0)  +  458  cm- 1 


(4) 
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and  — 

Nj(i;  =  1)  +  NO+(t>  =  0}—  NO+(tr  =  1) 

+  N2(p  =  0)- 14  cm"1.  (5) 

To  our  knowledge  these  are  the  first  measurements  of  vibra¬ 
tional  transfer  from  a  neutral  to  an  ion  at  thermal  energy. 

II.  EXPERIMENTAL 

The  experiments  were  carried  out  in  a  new  variable  tem¬ 
perature  flow  tube  apparatus  which  has  a  Y  shaped  section 
upstream  of  a  conventional  flow  tube.  On  one  arm  of  the  Y  is 
a  SIFT  type  ion  injection  system  and  on  the  other  arm  is  a 
glass  tube  which  allows  a  microwave  discharge  to  be  estab¬ 
lished  in  a  carrier  gas.  Thus  the  apparatus  can  be  used  as  a 
conventional  SIFT9  or  as  a  flowing  afterglow  apparatus. 10  It 
has  recently  been  used  successfully  as  a  flowing  afterglow- 
Langmuir  probe  (FALP)  apparatus  to  study  ion-ion  recom¬ 
bination,10  electron-ion  recombination,"  and  electron  at¬ 
tachment."  In  the  present  experiment  both  arms  of  the  Y 
section  were  used  simultaneously  in  the  following  manner. 
Ground  state  ions  were  produced  in  a  high  pressure  electron 
impact  ion  source  associated  with  the  SIFT  arm  of  the  Y  and 
injected  into  a  helium  carrier  gas  flow.  Multiple  collisions  of 
the  ions  with  neutrals  in  the  ion  source  removed  any  vibra¬ 
tional  and  electronic  excitation  of  the  ions  produced  by  elec¬ 
tron  impact.  This  was  verified  by  the  vibrational  ion  monitor 
gas  method  to  be  described  below . 

A  controlled  flow  of  N2  was  added  to  the  He  flow  in  the 
other  arm  of  the  Y  section  and  vibrationally  excited  by  the 
external  microwave  discharge  cavity  in  a  familiar  proce¬ 
dure.'3  The  extent  of  N2  vibrational  excitation  was  deter¬ 
mined  by  means  of  the  reaction 

O4  +  N>H-NO+  -f  N  (6) 

for  which  the  rate  coefficient  is  a  very  steep  function  of  the 
N2  vibrational  temperature.'3  The  rate  coefficient  kt  in¬ 
creases  from  1.2x10“ 13  cm's'1  at  Tv  —  300  K  to 
6xl0~"cm3s_'at7’„  =  6000  K.  With  02  in  the  ion  source 
it  was  a  simple  matter  to  selectively  inject  O  4  ions  rather 
than  02+  ions  and  thus  utilize  reaction  (6)  to  determine  T„ . 

Vibrational  excitation  of  02+  (v  —  0)  by  reaction  (4)  was 
detected  using  Xe  as  a  monitor  gas.  The  charge  transfer  of 
O2+(u  =  0)  with  Xe  is  endothermic  and  slow, 
A:  =  6.4x10“"  cm3s“'  at  300  K,'  whereas  the  charge 
transfer  of  O2+(u>0)  is  exothermic  and  rapid,1 
*  =  6.2x10“'°  cm3  s“ ',  close  to  the  Langevin  value, 
kL  =9.3x10"'°  cm3s“'.  The  Xe  was  added  to  the  flow 
tube  at  either  of  two  positions  (57  or  22  cm  from  the  sampling 
orifice  of  the  conventional  downstream  ion  detection  system 
of  the  SIFT/flowing  afterglow  apparatus).  The  experiment 
thus  involved  the  determination  of  the  02+  and  Xe4  signals 
at  the  downstream  detector  with  and  without  discharging 
the  N2  [i.e.,  in  both  the  presence  and  absence  of  N2(u  >  0)J. 
These  ion  signals  were  used  to  determine  the  rate  coefficient 
for  reaction  (4)  in  the  usual  manner.9 

In  the  case  of  NO+ ,  CH3I  was  used  as  a  monitor  gas.3 
This  is  a  more  ideal  monitor  gas  for  N04(i>  >  0)  than  is  Xe 
for  O24(p>0)  since  CH,I  charge  transfers  rapidly  to 
NO+(p>0)  but  not  detectably  to  NO+(u  =  0).3,4 


III.  RESULTS 

A.  Na(v)  +  Oa+  [reaction  (4)] 

When  the  N2  was  vibrationally  excited  by  the  micro- 
wave  discharge,  the  024  count  rate  decreased  and  the  Xe'4 
count  rate  increased,  indicating  that  reaction  (4)  was  occur¬ 
ring,  i.e.,  vibrational  energy  was  being  transferred  from  N2(p) 
to  024  in  accordance  with  expectation.  Quite  small  024 
count  rates  were  available  due  to  the  high  02  pressure  and 
low  potentials  used  in  the  ion  source  to  avoid  excitation  of 
the  injected  024  ions.  However  these  count  rates  were  ade¬ 
quate  for  a  determination  of  the  reaction  rate  coefficient 
which  was  done  as  follows.  An  024  count  rate  of  640  cps 
(integrated  over  20  s)  reduced  to  470  cps  when  the  N2  was 
discharged  and  the  Xe4  signal  increased  from  —230  to  380 
cps.  The  Xe4  signal  is  less  certain  than  the  02*  signal  be¬ 
cause  of  the  many  Xe  isotopes  and  because  of  mass  discrimi¬ 
nation  so  that  correction  factors  have  been  applied.  Consid¬ 
ering  these  uncertainties  the  Xe 4  increase  (—150) 
adequately  balanced  the  024  decrease  (170).  The  reaction 
length  was  57  cm.  The  Xe  density  was  3  X  10"  cm  ~ 3  which 
gives  an  e-folding  length  for  the  O.'  ir  ->  Oi  -t-  Xe  reaction  of 

—  4  cm  so  that  this  did  not  significantly  reduce  the  57  cm 
reaction  length  for  the  vibrational  transfer  reaction.  The  to¬ 
tal  N,  density  in  the  flow  tube  was  2.6  x  10IJ  cm  “  *  and  the 
N2  vibrational  temperature  was  determined  to  be  T,  —  1500 
K  from  the  enhancement  in  the  rate  of  the  f )  '  -+  N-,  reaction 
(6)  when  the  discharge  was  struck  This  corresponds  to 

—  15%  vibrational  excitation  of  the  N2.  i.e., 

[N2(u>0)]  =  3. 8  X  10"  cm'3,  which  would  be  essentially  all 
in  the  v  =  1  level.  The  ion  flow  velocity  was  7.7  X 10’  cm  s~ 1 
giving  a  reaction  time  of  7.5  ms.  Therefore  the  rate  coeffi¬ 
cient  for  reaction  (4)  was  determined  to  be  k4  —  ln(640/470)/ 
(3.8 X  10'3X7.5X  10~3)— 1.1  X  10"  13  cm3  s" '.  When  all  of 
the  possible  sources  of  error  are  considered,  k4  may  be  uncer¬ 
tain  to  as  much  as  a  factor  of  2  or  3. 

A  second  experiment  was  carried  out  in  which  the  Xe_ 
was  introduced  22  cm  from  the  orifice  (rather  than  57  cm). 
The  changes  in  count  rates  were  smaller  and  less  certain  in 
this  case,  with  a  poorer  024  loss-Xe4  gain  balance  (factor  2). 
The  analysis  of  this  data  gave  k4  =  9.7X10“ 13  cm’s"', 
which  is  very  close  to  the  value  obtained  in  the  first  experi¬ 
ment  so  that  we  take  as  the  mean  value  k4  =  1x10“ 12 
cm3  s_ '  with  an  accuracy  of  a  factor  of  2. 

B.  N*(v)  +  NO4  [reaction  (5)] 

In  the  case  of  N2(u)  4-  NO4  [reaction  (5)]  we  observed 
no  reaction  from  which  it  can  be  concluded  that 
k5  <  1  X  10“ 13  cm3  s“ '.  Since  CH}I  is  an  ideal  monitor  for 
NO4  (i>>0),  having  no  detectable  reaction  with  NO4  (p  =  0), 
this  experiment  was  considerably  more  sensitive  than  the 
024  experiment.  Also  the  value  of  Tv  ( —  2000  K)  was  some¬ 
what  higher  in  this  experiment. 

IV.  DISCUSSION 
A.  N2(v)  +  024 

The  reaction 

024(p  =  1)  +  N2(p  =  0)— 024  (i>  =  0) 

-I-  N2(p  =  0)  +  1872  cm"'  (7) 
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has  a  rate  coefficient  k7  =  1.9X  10  12  cm3  s  Using  the 
intermediate  complex  vibrational  predissociation  model,3,4 

*, 

02+  (tt  =  1)  +  N2(u  =  0^±[O2+  (v  =  1)-N2] 

—•Of  (u  =  0)  4-  N2(u  =  0),  (8) 

k, p  was  found3  to  be  1.4X  109  s~‘  and  ku  —  6x  10"  s-1, 
from  the  experimentally  known  value  of  k 3  for  02+ 
+  N2  +  M-»02+  -N2  +  M.  The  value  of  kv p  for 

[02+  (i>  =  0)-N2(t>  =  1)]— ►Oj+  (u  =  1)  4-  N2(u  =  0)  (9) 

from  the  present  measurements  is  ~0.7  X  109  s“ 1  (within  — 
factor  2).  The  vibrational  predissociation  channel  to  produce 
02+  (i>  =  0)  -f  N2(u  =  0)  may  also  occur  in  the  reaction 
between  N2(t>  =  1)  and  024  (t>  =  0)  so  that  we  do  not  have  a 
comparison  between  the  total  k^'s  for  the  two  cases  in 
which  the  vibrational  quantum  is  in  the  ion  and  in  the  neu¬ 
tral.  It  is  at  least  clear  that  a  substantial  fraction,  and  perhaps 
most,  of  the  N2(«  =  1)  quenching  by  024  (v  =  0)  leads  to  O/ 
(v  =  1),  since  the  total  N2(u  =  1)  quenching  by  024  (r>  =  0)  is 
not  likely  to  exceed  significantly  the  024  (u  =  1 )  quenching 
by  Nj(d  =  0). 

B.  N2(v)  +  NO  *  [reaction  (5)] 

The  negative  result  for  this  reaction  was  entirely  unex¬ 
pected.  The  reaction 

NO>  =  1)  +  N2(u  =  0}— >NO+(d  =  0)  +  N2  (10) 

has  a  rate  coefficient,2  klo  =  7  X  10“ 12  cm3  s~ '.  This  is  larg¬ 
er  than  k7  and  appears  to  be  anomalous  because  in  all  the 
other  six  cases  of  common  quenchers  for  024  (v  =  1)  and 
NO+(u=  1),  the  02+  quenching  rate  coefficient  is  larger,3 
which  is  attributed  to  the  higher  NO  4  vibrational  frequency 
(2344  cm-1)  compared  to  that  for  02+  (1872  cm“l).  This 
anomaly  was  suggested2  as  being  due  to  a  resonant  V— *V 
transfer, 

NO+(t>=  1)  +  N2(u  =  0) 

— NO>  =  0)  +  N2(u=  l)-f  14  cm-'.  (11) 

However  k,,~ ks  from  detailed  balance  (since  14 
cm_,<A:r=200  cm-1).  It  therefore  follows  that 
kn  <  1 X 10-13  cm3  s“'.  Thus  reaction  (10)  appears  to  be 

NO>=l)  +  N2(u  =  0) 

— NO>  =  0)  +  N2(i>  =  0)  +  2344cm-'.  (12) 

The  detailed  balance  argument  implicitly  assumes  that 
rotational  energy  factors  do  not  play  a  large  role.  This  seems 
plausible  since  reaction  (1 1)  is  so  nearly  thermoneutral  that 
large  rotational  excitation  of  the  NO+(d  =  0)  or  N2(u  =  1) 
products  cannot  occur.  It  thus  seems  unlikely  that  a  substan¬ 
tial  deviation  from  the  Boltzmann  distribution  applicable  to 
reaction  (5)  could  be  produced  in  reaction  (11).  Considering 
the  width  of  a  Boltzmann  distribution  (  —  200  cm-1]  com¬ 
pared  to  the  14  cm-1  exothermicity  it  seems  quite  unlikely 
that  the  microscopic  rates  could  be  sufficiently  Sensitive  to 
the  slight  rotational  energy  variations  that  are  energetically 
possible  to  lead  to  approximately  a  two  order  of  magnitude 


difference  in  rate  coefficients  between  reactions  (5)  and  (11). 
The  anomalously  large  value  of  kl0  ( >  k7)  remains  unex¬ 
plained  however. 

It  is  clear  that  reaction  (12)  will  dominate  reaction  (1 1) 
in  the  vibrational  predissociation  process  from  essentially 
phase  space  arguments.  The  [NO+(t>  =  1)-N2(t>  =  0)]  com¬ 
plex  has  only  a  14  cm  -  ’  energy  band  to  vibrationally  disso¬ 
ciate  into  NO+(u  =  0)  +  N2(ii  =  1),  compared  to  a  2344 
cm-1  band  for  NO+(u  =  0)  +  N2(i>  =  0)  and  this  is  a  prohi¬ 
bitively  small  amount  of  accessible  phase  space.  One  might 
expect  crudely  that  k,,//t12— 14  cm-l/2344 

cm“ 1  — 6X  10“3. 

From  a  dynamical  point  of  view,  the  process  of 
[NO+(u  =  1)-N2(u  =  0)]  complex  formation,  a  prerequisite 
to  vibrational  predissociation,  involves  N2  and  NO4  rota¬ 
tional  excitation.  A  single  rotational  excitation  of  only  the 
N2  [AJ  =  2)  by  the  anisotropic  NO4  -N2  potential  would 
transfer  substantially  more  ( —  70  cm  ~  1 )  than  1 4  cm  “ 1  ener¬ 
gy  from  relative  translational  motion  into  internal  energy  of 
the  complex.  Thus  separation  of  the  complex  into 
NO+(n  =  0)  +  N,(ti  =  1)  is  endothermic  in  the  r-(N04  -N2) 
separation  coordinate,  whereas  most  of  the  2344  cm  ’  ener¬ 
gy  band  for  vibrational  predissociation  into 
NO+|i>  =  0|  -t  N?(f  =  01  is  still  accessible.  This  model  im¬ 
plies  that  the  N,  and/or  NO  '  products  of  reaction  11 2 1  are 
rotationally  excited.  This  may  eventually  be  subject  to  ex¬ 
perimental  test. 

The  N2(i’  —  1 1  -+-  02'  If  =  0|— ♦N,|r  =  111  -f  O/  Ir  —  1) 
reaction  has  a  458  cm  1  energy  band  available  so  that  such 
severe  phase  space  or  dynamical  constraints  do  not  apply.  It 
would  be  very  interesting  from  a  mechanistic  view  point  to 
know  just  what  the  competition  between  02 
(u  =  1)  -f  N 2(u  =  0)  and  024  (t>  =  0)  -f  N2(i>  =  0)  is,  but  of 
course  our  experiment  can  only  detect  vibrationally  excited 
ions. 


V.  CONCLUSION 

The  rate  coefficient  for  N2(t>  =  1 )  quenching  by  024 
(t>  =  0)  to  produce  024  (u  =  1 )  -f  458  cm  “ 1  kinetic  energy  has 
a  rate  coefficient  — 1/2  the  rate  coefficient  for  024  (i>  =  1) 
quenching  by  N2(c  =  0)  to  produce  024 
(u  =  0)  +  N2(i>  =  0)  +  1 872  cm  ~ 1  kinetic  energy.  This  result 
is  qualitatively  consistent  with  a  model  in  which  vibrational 
predissociation  occurs  on  a  — 10~9  s  time  scale  in  the 
[02+  -N2]  complex  when  either  the  024  or  the  N2  is  vibra¬ 
tionally  excited. 

Vibrationally  excited  N2  was  found  not  to  react  with 
NO+(i>  =  0)  to  produce  N04(n  =  1).  This  proves  that  the 
fast  quenching  of  N04(u  =  1)  by  N2  is  not  a  resonant 
(AE  =  14  cm-1)  V— *V  transfer  as  previously  assumed  but 
rather  a  vibrational  predissociation  into  ground  vibrational 
state  NO4  and  N2  (probably  rotationally  excited).  This  is 
consistent  with  simple  phase  space  and  dynamical  model 
expectations.  Presumably  vibrationally  excited  N2(u=l) 
would  be  quenched  by  NO4  ions  to  produce  N2(u  =  0)  and 
kinetic  energy  with  a  rate  constant  -  7X  10“  12  cm3  s_l  but 
this  experiment  is  not  currently  feasible. 
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STUDIES  OP  PLASMA  REACTION  PROCESSES  USING  A  FLOWING  AFTERGLOW/ 
LANGMUIR  PROBE  APPARATUS 


David  Smith  and  Nigel  G.  Adams. 
Department  of  Space  Research 
University  of  Birmingham 
Birmingham,  B15  2TT 
England 


1 .  Introduction 


The  thermalised  afterglow  plasma,  in  association  with  appropriate  aiamoctic 
techniques,  is  a  suitable  medium  for  investigating  a  wise  variety  ic:ti: 
processes  under  well-defined  conditions.  The  pioneering  worn  c:  I. C. Brown 
and  M.A.Biondi  and  their  co-workers  using  the  pulsed  (stationary  afterglow/ 
microwave  cavity  diagnostic  technique  has  provided  a  wealth  of  data, notably 
that  relating  to  electron-ion  dissociative  recombination.  Pulsed  after¬ 
glows  have  also  been  used  successfully  by  E.J.Oskam,  D. Smith  and  W.C.Line- 
berger  and  their  colleagues  to  study  a  wide  variety  of  processes.  Brief 
summaries  of  these  studies,  including  descriptions  of  the  experimental 
techniques,  are  given  in  the  book  by  McDaniel  and  Mason  [l].  Later  the 
flowing  afterglow  was  conceived, developed  and  exploited  by  E.E. Ferguson, 
F.C.Fehsenfeld  and  A.L.Schmeltekopf  at  Boulder  to  study  ion-molecule  re¬ 
actions  at  thermal  energies.  The  flowing  afterglow  has  subsequently  been 
eaqploited  to  great  effect  by  the  Boulder  group  and  by  several  other  groups, 
and  this  work  has  laid  the  foundations  for  an  understanding  of  ion-molecule 
reactions  at  thermal  energies.  The  flowing  afterglow  technique  has  been 
discussed  in  detail  by  Ferguson  et  al.  [2],  and  it  has  been  compared  and 
contrasted  with  the  more  recently  developed  Selected  Ion  Flow  Tube  (SIFT) 
technique  by  Smith  and  Adams  [3]. 

The  standard  diagnostic  used  in  most  flowing  afterglow  apparatuses  is  a 
downstream  mass  spectrometer;  indeed,  this  is  the  only  diagnostic  required 
for  ion-molecule  reaction  studies.  For  the  study  of  most  other  plasma 
reaction  processes,  it  is  necessary  to  be  able  to  determine  the  charged 
particle  number  densities  within  the  body  of  the  plasma,  that  is  along  the 
afterglow  plasma  column.  This  is  the  unique  feature  of  the  Flowing  After- 
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glow/Langmuir  Probe  (FALP)  apparatus  in  which  a  cylindrical  Langmuir  probe  is 
used  to  determine  electron 'temperature  (Te),  electron  density  (ne) ,  positive 
ion  density  (n+)  and  negative  ion  density  (n_)  along  the  axis  of  the  afterglow 
column  with  a  spatial  resolution  of  about  one  millimetre.  A  brief  description 
of  the  FALP  technique  is  given  in  the  next  section.  To  date,  it  has  been 
exploited  to  study  ambipolar  diffusion,  electron  temperature  relaxation  , 
electron-ion  dissociative  recombination,  electron  attachment  and  ion-ion 
recombination,  in  many  cases  over  appreciable  temperature  ranges.  The 
results  from  these  studies  will  be  summarised  in  this  paper. 

2.  The  FALP  Technique 

In  essence,  a  flowing  afterglow  consists  of  a  flow  tube  along  which  a  carrier 
gas  (usually  pure  helium)  is  constrained  to  flow  by  the  action  of  a  large 
Roots- type  pump,  and  in  which  ionization  is  created  in  the  upstream  region 
by  a  gas  discharge  or  some  ether  ion  source.  An  afterglow  plasma  is  thus 
distributed  along  the  flow  tube  ana,  uncer  favourable  conditions,  tnc  cuurgc; 
particle  energies  will  be  relaxed  in  the  afterglow  to  those  appropriate  t: 
the  carrier  gas  temperature .  Distance  along  tne  flow  tuoc  a no  me  resiuer 
(or  reaction)  time  of  the  individual  ionized  or  neutra_  species  in  the  t-ass 
are  coupled  via  their  respective  flow  velocities  which  can  readily  be  deter¬ 
mined  if  the  flow  dynamics  are  understood  (a  detailed  appraisal  is  given  in 
the  paper  by  Adams  et  al.  [4]  ).  The  various  reaction  processes  can  then  be 
studied  by  adjusting  ne,  n_  and  n+  to  suitable  values  (appropriate  to  the 
particular  process  to  be  studied,  e.g.  recombination,  attachment,  etc.)  and 
by  adding  controlled  amounts  of  appropriate  reactant  gases  into  the  thennalised 
afterglow  plasma  via  one  or  more  inlet  ports  situated  at  fixed  positions  along 
the  flow  tube.  (in  some  conventional  flowing  afterglow  apparatuses,  a  single 
inlet  port  is  used  which  can  be  moved  along  the  flow  tube  axis  [5])-  Different 
reactant  gases  are  often  added  simultaneously  via  separate  inlet  ports  in 
order  to  generate  suitable  plasma  media  or,  for  example,  to  remove  helium 
metastable  atoms  from  the  afterglow  (specific  examples  are  given  in  the 
following  sections) .  A  major  objective  is  to  create  afterglow  plasmas  in 
which  the  loss  of  a  particular  charged  species  occurs  solely  by  the  process 
which  it  is  desired  to  study. 

The  original  FALP  apparatus  [6],  like  the  original  flowing  afterglow  [2], 
was  constructed  from  Pyrex  glass  but  a  change  to  stainless  steel  was  in¬ 
evitable  with  the  desire  to  study  processes  over  a  wide  temperature  range. 

A  schematic  of  the  latest  FALP  is  shown  in  Figure  1.  The  stainless  steel 
flow  tube  is  approximately  one  metre  long  and  eight  centimetres  in  diameter. 

The  ionization  source  is  a  microwave  discharge  through  the  carrier  gas  at 
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pressures  of  the  order  of  one  Torr.  In  helium  carrier  gas,  the  maximum  ng 
in  the  upstream  region  of  the  afterglow  is  about  as  determined  with 

the  Langmuir  probe  (discussed  below).  The  axial  inlet  ports  (such  as  port  A 
i*i  which  are  used  in  most  flowing  afterglow  experiments,  have  large 

mixing  lengths  (or  end  corrections,  10cm)  .  In  contrast,  the  ring  ports, 

R-j  and  Eg,  have  a  small  £  which  is  essential  for  the  study  of  fast  processes 
such  as  electron-ion  recombination  and  electron  attachment.  With  these  ring 
ports  the  reactant  gas  is  introduced  into  the  afterglow  against  the  flow  of 
carrier  gas  (a  contraflow  technique)  and  this  reduces  £■  to  about  1  or  2  cm 
[7] -  A  differentially-pumped  mass  spectrometer  is  located  at  the  down¬ 
stream  end  of  the  flow  tube  so  that  the  positive  and  negative  ion  species  in 
the  plasmas  can  be  identified. 

The  Langmuir  probe  technique  has  been  used  for  decades  to  study  steady  state 
discharge  plasmas  (see,  for  example,  the  book  by  Swift  and  Schwar  [s])bui, 
prior  to  the  work  in  our  laboratory,  it  had  not  been  satisfactorily  apo^ic o 
to  the  study’  of  decaying  (afterglow)  plasmas.  Our  probe  technique  war  iirsT 
developed  for  use  in  pulsea  (stationary)  afterglows  \y  ,  an  a  suDsequent.y  v-_ 
combined  it  with  the  flowing  afterglow  to  create  the  I’Aii-  apparatu:  it;. 

The  details  of  the  probe  technique  are  given  in  several  papers  [l,  b-V-  :  anu 
only  an  outline  is  necessary  here.  A  small  cylindrical  wire  (the  probe)  is 
swept  in  potential  .relative  to  the  local  plasma  potential  and  a  current/ 
voltage  characteristic  is  recorded  ahd  analysed  to  provide  values  for  Te,ne, 
n+  and  n_  as  appropriate.  In  fact,  it  is  the  gradients  of  these  parameters 
along  the  axis  (defined  here  as  the  z  coordinate  )of  the  flowing  plasma  which 
provides  values  for  attachment  and  recombination  coefficients  etc.  under 
truly  theimalised  conditions.  The  complete  flow  tube  is  enclosed  in  a  vacuum 
vessel  which  facilitates  the  temperature  variation  of  the  flow  tube  over  the 
range  80-600  K  and  minimises  temperature  gradients.  The  Langmuir  probe  data 
also  provide  values  for  the  mass  ratios  m+/me  in  positive  ion/electron  plasmas 
and  in^/m.  in  positive  ion/negative  ion  plasmas  (or  mean  values  of  these  ratios 
in  plasmas  containing  more  than  one  species  of  positive  or  negative  ion  [14, 
15])*  This  is  a  valuable  supplement  to  the  mass  spectrometric  data. 

j.  Ambipolar  Diffusion  and  Electron  Temperature  Relaxation  Studies 

Amhipolar  diffusion  is  always  a  finite  loss  process  for  ions  and  electrons  in 
flowing  afterglow  plasmas.  Sufficiently  far  away  from  the  disturbed  upstream 
region  of  the  afterglow,  fundamental  mode  diffusive  loss  prevails  and  ne  and 
n+  in  an  electron-ion  plasma  decrease  exponentially  with  z.  Thus  it  is  a 
straightforward  matter  to  determine  bnefoz  and  hence  to  derive  values  for  the 
ambipolar  diffusion  coefficients,  La,  for  plasmas  of  various  ionic  compositions 
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[«].  Theory  predicts  [l6]  that,  at  a  given  temperature,  Dgp  =  const,  (where 
p  is  the  gas  pressure),  a  prediction  amply  supported  by  experiment  [  1 3 *  Since 
Da  is  inversely  proportional  to  p  then,  when  ambipolar  diffusion  needs  to  be 
inhibited,  i.e.  when  studying  other  reaction  processes,  the  FALP  must  be 
operated  at  suitably  high  pressure.  Of  course,  ambipolar  diffusive  loss 
also  occurs  in  ion-ion  plasmas  (but  at  a  slower  rate  than  in  electron-ion 
plasmas,  since  D_<<  De  (D_  and  De  are  the  free  diffusion  coefficients  of 
negative  ions  and  electrons  respectively).  In  plasmas  in  which  electrons 
and  negative  ions  co-exist,  the  situation  is  more  complicated  with  respect 
to  diffusion  (see  Section  5)* 

In  the  region 'near  to  the  discharge,  which  generates  the  flowing  afterglow, 

Te  is  much  greater  than  T+  or  Tg  (the  ion  and  gas  temperatures  respectively) 
and  there  the  diffusive  loss  is  most  rapid  (since  Da  =  I)+(l  +  T&  /  [  1  ]) . 

The  'hot'  electrons  which  exist  in  this  region  are  'cooled'  in  coliisicr.r 
with  positive  ions  and  carrier  gas  atoms  during  their  passage  aewr.  :i ;  .. 
tube.  It  is  important  to  estimate  this  rate  of  cooling,  dTe/c:. .  r:  tua:  L\ 
can  be  ascertained  where  downstream  thermalisation  has  Deer,  reacne s  ^.t_.  wnere 
Te  =  T  =  T  ) .  The  Langmuir  probe  can  be  usee  to  determine  Z  ane  ner.ct 
dTe/dt  (knowing  the  plasma  flow  velocity  which  can  also  be  reauiry  eeierminee, 
again  using  the  probe  [4]).  Such  Te  relaxation  has  been  studied  ir.  both 
stationary  afterglows  [l7]  and  in  the  FALP  [l8,19].  The  rate  of  electron 
temperature  relaxation  is  described  by: 

dT  1 

— —  =  —  -  (Te  -  T .  )  (T  ~  T  in  these  plasmas)  (l) 

dt  'C  ,E  +  e 

The  time  constant,  "t' ,  describes  the  net  effect  due  to  electron-ion  (£T  .) 

and  electron-neutral  (^e,n)  collisions  such  that  ,+” '+ ^e,n_1  * 

The  small  fractional  ionization  in  these  afterglow  plasmas  (~10-^)  ensures 
that  electron-neutral  collisions  control  the  rate  of  Te  relaxation.  This 
is  especially  so  when  the  neutral  gas  is  molecular  since  electron  cooling 
can  occur  via  excitation  of  rotational  and  vibrational  states  of  the  molecules. 

*C gn  has  been  determined  in  inert  gas  stationary  afterglows  and  thus  cross 
sections  for  momentum  transfer  in  electron-inert  gas  atom  collisions  have 
been  deduced  [173*  Using  the  FALP,  the  fractions  of  energy  transferred  in 
electron  collisions  with  the  molecular  gases  N2  and  O2  have  been  determined 
as  a  function  of  Te  from  'C en  measurements  [  18,19].  Such  measurements  can 
also  provide  other  fundamental  data  such  as  quadrupole  moments. 

It  should  be  noted  that  Te  relaxation  is  inhibited  when  helium  metastable 
atoms  are  present  in  an  afterglow  due  to  heating  of  the  electrons  in  super- 
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elastic  collisions  with  these  excited  atoms.  To  avoid  this  undesirable 
situation  a  small  amount  of  argon  can  be  added  to  the  upstream  region  of 
"the  afterglow  to  quench  the  metastable  atoms  (via  Penning  reactions  [6]). 

The  addition  of  argon  also  reactively  removes  any  He2+  ions  which  are 
produced  in  the  three-body  association  of  Ee+  with  Be  [20].  This  does  of 
course  mean  that,  in  addition  to  Ee+  ions,  Ar+  ions  will  be  present  in  the 
afterglow,  however  this  does  not  result  in  severe  complications  in  practice 
when  studying  other  processes. 

The  quantity  of  data  so  far  obtained  which  relates  to  Te  relaxation  is 
relatively  small,  but  it  veiy  well  illustrates  the  potential  of  the  FALP 
for  such  studies. 

4.  Electron-Ion  Dissociative  Recombination  Studies 

Dissociative  recombination  reactions  of  molecular  positive  ions  with 
electrons  have  been  studied  for  many  years  because  they  are  a r.  imporxar.: 
loss  process  of  ionization  both  in  laboratory  plasmas  suer,  as  gas  laser; 

[2l]  and  in  naturally  occurring  plasmas  such  as  the  ionospnerc-  are  inter¬ 
stellar  gas  clouds  (for  further  discussion  of  these  subjects  set-  the  reviews 
by  Smith  and  Adams  [22,23]).  The  primary  objective  of  most  studies  has 
been  to  determine  the  recombination  coefficients,  oe  ,  for  particular  positive 
ion  species  and  how  these  coefficients  vary  (i)  with  T  under  truly  thermal 
equilibrium  conditions  such  that  Te  =  T+  =  T  when  is  obtained,  and  (ii) 

O  ** 

with'Te  for  Te  >  T+,Tg  when  oAg  is  obtained.  Notable  amongst  the  many 
techniques  used  to  determine  and  o4g  is  the  stationary  afterglow  [24,25] 
The  variation  of  the  dissociative  recombination  cross  section  with  electron 
energy,  C7^,  has  been  studied  using  ion  traps  [26,27]  and  merged  beams  [28]. 
Very  recently,  the  FALP  technique  has  been  used  for  studies  of  [7]. 

As  previously  mentioned,  it  is  crucial  in  plasma  experiments  such  as  the  FALP 
to  establish  conditions  such  that  the  process  under  investigation  is  the 
dominant  loss  process.  In  the  FALP  for  dissociative  recombination  studies 
this  is  achieved  in  the  following  manner.  The  active  species  upstream  in 
the  afterglow  plasma  axe  electrons,  Ee+  and  Ee2+  ions  and  Ee  metastable  atoms 
Hem.  Argon  is  introduced  upstream  (via  port  A,  Fig.l)  to  destroy  He2+  and 
Eem.  The  plasma  then  contains  only  electrons  and  atomic  ions  (He+  and  Ar+) . 
Recombination  of  atomic  ions  with  electrons  in  these  plasmas  is  negligibly 
slow  and  so  ambipolar  diffusion  followed  by  wall  recombination  is  the  only 
loss  process  for  ionization.  A  molecular  reactant  gas  is  then  added  to 
this  diffusing  plasma  via  one  of  the  ring  ports  (R-j ,  R2)  in  sufficient 
quantity  to  convert  the  atomic  ions  to  appropriate  molecular  positive  ions 
(e.g.  O2  and  NHj  to  produce  0 £  and  NB4*  etc.).  Knowledge  of  the  vast 
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literature  on  ion-molecule  reactions  and  careful  use  of  the  downstream  mass 
spectrometer  are  essential  in  creating  the  desired  positive  ion  species  as 
the  only  ionic  species  in  the  plasma.  At  low  temperatures  and  high  pressures 
a  potential  problem  is  the  creation  of  ion  clusters  (e.g. 

etc.)  and  then  careful  use  of  the  mass  spectrometer  is  especially  important. 


When  the  desired  plasma  conditions  have  been  established, the  electron  density, 
ne,  is  determined  along  the  flow  tube  axis  using  the  Langmuir  probe  and  an 
obvious  increase  in  <)ne/«)z  is  observed  downstream  of  the  molecular  gas  inlet 
port  (see  Pig. 2a  as  an  example).  Under  conditions  of  large  ng  and  sufficiently 
high  helium  pressure,  recombination  loss  dominates  diffusion  loss  and  then  we 
have  : 


1  _  1 
ne(zl)  ne(z2} 


(2) 


where  ^(z^),  ^(z^)  3X6  the  values  of  ng  at  positions  z^  and  zn,  a r.-  v„.  li¬ 
the  plasma  flow  velocity.  Hence  can  readily  be  obtained  x'rcz  a  picz 
l/ne  versus  z.  Typical  plots  are  shown  in  Pig. 2b  to  illustrate  tne  quality 
of  the  data  obtained.  Experiments  can  be  carried  out  within  the  temperature 
range  80-600  K,  although  the  low  temperature  limit  is  higher  than  80  K  when 
it  is  necessary  to  use  ion  source  gases  which  are  condensible  (e.g.B20,NHj 
etc . ) . 

The  measurement  of  °^t^2+)  ^as  become  a  'test'  for  recombination  studies, 
since  its  value  has  been  very  well  established  using  a  variety  of  techniques. 
It  has  been  measured  in  the  FALP  using  O2  as  the  reactant  gas  at  95 >205, 295 » 
420,530  and  590  K  and  the  data  are  shown  in  the  log-log  plot  in  Fig. 3-  The 
linearity  of  the  graph  is  good  and  and  the  power  law:  od^.(02+)  = 

1.95  x  -KT?  (JOO/t)0  ■^cm^e-^  closely  describes  over  the  complete 

temperature  range.  Good  agreement  is  found  with  the  values  obtained 
previously  at  300  K  using  a  variety  of  techniques  (see  e.g.  Ref. 26)  and  with 
pulsed  stationary  afterglow  data  obtained  above  300  K  [29].  The  small  dis¬ 
crepancy  at  low  temperatures  between  the  present  values  and  the  pulsed  after¬ 
glow  data  [29]  at  low  temperatures  is  thought  to  be  due  to  the  presence  of 
cluster  ions  in  the  higher  pressure  stationary  afterglow  experiment.  The 
results  are  also  in  good  agreement  with  pulsed  afterglow  data  for  °p(02+)[30] 
and  with  results  for°^e(02+)  derived  from  cross  sections  measured  with  the 
ion  trap  technique  [26].  All  these  experiments  essentially  indicate  a 
common  T"^*^  dependence  of  ^d  0£e  (C>2+).  A  somewhat  weaker  T  ^  ‘  ^ 

temperature  dependence  was  derived  from  cross  section  measurements  made 
using  the  merged  beam  technique  [3l]- 
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Pig.  2(a)  ne  versus  z  data  (z 
is  measured  from  the  mass 
spectrometer  sampling  orifice) 
obtained  using  the  FALP  at 
a  helium  pressure  of  0.6  Torr 
and  a  temperature  of  300  K  for: 
▲  ,  diffusion  controlled 
plasma  (Ee+,  Ar+,  electrons) 
with  the  addition  of  Ar  through 
port  A  (see  Fig.l)  to  destroy 
He™  and  Eep+  but  without  the 
addition  of  ion  source  gases: 

•  with  addition  of  O2  via 
port  R-|(see  Fig.l)  which 
results  in  an  increased  loss 
rate  of  electrons  due  dissoc¬ 
iative  recombination  of  Op-* 
ions:  ■  with  addition  of  Ju:7; 
the  rapid  decrease  of  n_  is 
due  to  dissociative  recos.Lir- 
ation  of  EE."1'  (if::-/,  r  isr.s. 


Jr1  50  40  30 


Distance,  z  (cm) 


Fig. 2(b)  l/ne  versus  z  plots 
of  the  data  for  C>2+  and 
NH^+(NH7)2  ,  shown  in  (a). 

The  slopes’ Of  these  plots 
provide  values  for  the  recom¬ 
bination  coefficients,  °<lt- 
The  very  different  slopes 
indicate  that  ©^(NH+^NEj)?, 3) 
is  much  larger  thancy-^  (O^+j 
at  300  K.  Note  that  these 
plots  are  linear  over  a  factor 
of  more  than  20  which  is  quite 
sufficient  to  define  the 
accurately.  At  small  z  (and 
low  ne)  upeurving  of  these 
plots  occurs  (not  shown)  as 
ambipolar  diffusion  rather 
than  dissociative  recombin¬ 
ation  becomes  the  dominant 
loss  process  for  ionization. 
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An  important  point  to  make,  which  ie  relevant  to  all  the  dissociative  re¬ 
combination  reactions  we  have  studied  to  date,  is  that  the  molecular  ions, 
for  which  have  been  measured,  are  confidently  expected  to  be  in  their 
ground  electronic  and  equilibrium  vibrational/rotational  states.  This  is 
so  because  the  ions,  although  on  production  may  well  be  internally  excited, 
will  undergo  resonant  charge  or  proton  transfer  with  their  parent  molecules 
(which  are  present  in  the  afterglow) .  Such  reactions  are  known  to  quench 
both  electronic  and  vibrational  excitation  veiy  efficiently  [32,33]. 

Rotational  relaxation  is  ensured  by  the  high  collision  frequency  of  the 
molecular  ions  with  the  ambient  carrier  gas  atoms. 

The  temperature  dependence  of  o£(N0+)  has  been  in  dispute  for  several  years. 

The  dispute  centred  around  the  difference  between  the  stationary  afterglow 

data  of  Biondi  and  co-workers  [25,34]  and  the  ion  trap  data  of  Walls  and 

Dunn  [26],  The  stationary  afterglow  data  indicate  that  <X+  (lor  200 <T 

<  450K)  has  a  markedly  different  temperature  dependence  than  Cx.'c  (for  >1 

■<  Te  <1  2000K) ,  whereas  no  indication  of  such  a  deviation  was  ncticabic  in 

the  oC  derived  from  CT1  data  obtained  in  the  ion  trau  experiment.  Tnus. 
e  E  - 

FAIiP  studies  of  were  undertaken  in  an  attempt  to  clarify  trie  situation. 

N0+  ions  are  generated  in  the  FALP  by  introducing  130  (from  which  EHO3 
impurities  had  been  removed  to  avoid  negative  ion  production)  into  the 
He+/Ar+  afterglow.  °<-t(N0+)  ,  which  was  measured  at  205, 295 >465  and  590  K, 
is  very  well  described  by  the  power  law  OCj.(N0+)  =  4.0  x  10"^(300/T)°'^cm^s_1 , 
see  Fig. 3*  This  is  in  good  agreement  with  the  pulsed  afterglow  data  for 

OC.  (N0+)  and  with  the  CX  (N0+)  ion  trap  data.  Results  obtained  from 

*  e  -0  85 

satellite  measurements  in  the  ionosphere  [35]  indicate  that  o<e(N0+)  ~  Te 

and  are  in  remarkable  agreement  in  magnitude  with  the  FALP  data  at  the 

temperature  common  to  both  data  sets.  However,  the  C*e(j30+)  stationary 

afterglow  results  cannot  be  reconciled  with  the  FALP  data  for oc^(l30+)  .  It 

does  seem  that  on  balance,  a  common  T-^’^  dependence  for  Od^.(N0+)  and 

c*e(N0+)  is  appropriate  below  about  10%.  Values  of  <^e(N0+)  derived  from 

merged  beam  data  [3l]  are  not  reconcilable  with  the  other  data  referred  to 

above.  A  more  detailed  discussion  of  all  these  data  is  given  by  Alge  et 

al.[7]. 

<*t  <m4+>  was  measured  at  295,415,460,540  and  600K  in  the  FALP. The  HH^+ions 

were  generated  by  adding  small  amounts  of  to  the  afterglows  (large 

flows  initiated  ion  clustering,  see  below).  The  data  obtained  (see  Fig. 3) 

are,, reasonably  well  described  by’  the  power  law  (NH .  +)=1.35  x  10"6(300/T)0,6 
x  _1  x  ^ 

cars  .  This  is  in  good  agreement  with  stationary  afterglow  data  in  the 

overlapping  temperature  range  [36],  although  not  in  good  agreement  with  ion 


Temperature  (k) 


Fig.  3 


Electron-ion  dissociative  recombination 
coefficients,0^;  (i.e.  for  Te  =  T+  =  T  ), 
for  02+»N0'f  ,NH^+  and  HjO+  determined  at  several 
temperatures  using  the  FALP  technique.  These 
data  indicate  that  °<t  (02+)_?T  T-®*^, 

(N0+)  'v-T-0*9,  cmt  (NH4+)~T'°*5  and  that  c<t 
(H,0+)  does  not  vary  significantly  with  temper¬ 


ature  over  the  available  range. 


•trap  data  (see  Ref.  7  )•  By  adding  excess  NE^  to  the  afterglow  at  300  X, 
on  equilibrium  ratio  of  and  NE^+(NHj) ^  cluster  ions  could  be 

established.  A  composite of  2.8  x  10“^cm^s“^  was  obtained  for  these 
Ions  which  is  in  excellent  agreement  with  the  stationary  afterglow  value 
-for  NH^+(REj)g  cluster  ions  at  300  X  [36]. 

o^_(HjO+)  was  measured  at  295*450  and  600K  and,  somewhat  surprisingly,  no 

significant  variation  was  observed  with  temperature,  a  constant  value  of 

1.0  x  10  cars  being  obtained.  An  identical  value  was  obtained  in  a 

stationary  afterglow  experiment  at  540  K  [37]*  Recent  values  for  o^(H^0+) 

derived  from  merged  beam  data  [38]  are  significantly  smaller  than  the  FALP 

values  and  also  show  a  marked  'temperature'  (energy)  dependence.  A  similar 

marked  'temperature'  dependence  for  o<.  (H,0+)  was  also  indicated  by  ion  trap 

6  ^ 

data  [27].  Collectively,  the  data  may  be  indicating  that  °^,  (h’-0+)  and 
,  t) 

c*e(H^0  )  have  different  T  and  Tg  dependences. 


The  most  recent  FALP  studies  of  dissociative  recombination  have  been  care  etc  c 
towards  the  measurement  of  at  suitably  low  temperatures  for  ions  which  arc 
known  (or  expected)  to  exist  in  interstellar  gas  clouds  [23,35*--- Thus 
the  oc  for  electron  recombination  of  the  ions  HC0+ ,  LCD1 ,  l\  X*  ,  ,CX.  ~ , 

and  have  been  determined  at  a  temperature  of  95  X  [  '  1  ] .  At  this 

temperature, it  was  not  possible  to  use  argon  to  destroy  helium  metastables 
in  the  afterglow;  rather,  an  excess  of  the  gases  from  which  the  ions  were 
generated  (ion  source  gases)  was  introduced  to  rapidly  destroy  the  metastables. 
The  very  slow  Penning  reactions  of  Eem  with  most  gases  expected  at  low 
temperatures  [42]  required  that  relatively  large  amounts  of  ion  source  gases 
were  needed,  especially  in  the  case  of  Eg  and  Dg.  The  major  ion  in  the 
helium  afterglow  at  95  K,  prior  to  addition  of  the  ion  source  gases,  was 
Heg+  which  is  known  to  react  rapidly  with  most  gases,  including  Hg  [ 4 3 J - 
Thus,  to  study  0^.(H7+),  H0  was  added  in  excess  and  Penning  reactions  and 

^  -4. 

ion  molecule  reactions  established  E,  as  the  major  ionic  species.  At 

excessively  high  Eg  pressures,  the  three-body  association  reaction  H,  +Hg+ 

+  +  ^ 

He  — >  H,.  +He  led  to  appreciable  concentrations  of  E^  in  the  afterglow. 

Whilst  the  data  for  o£^(Hj*)  are  as  yet  preliminary,  the  startling  indication 

is  that  04  (h,+)  at  95  K  is  very  small  (<  10“^cm^s“^ )  contrary  to  expectations 
t  3 

and  to  pulsed  afterglow  data  [44»45]«  If  confirmed,  this  will  have  a  profound 
effect  on  current  thinking  on  interstellar  chemistry  and  physics!  Similar 
experiments  indicate  thatP^+(D,+)  is  also  very  small.  However,  0/.  (Ht-+ )  and 

04^(3)^  )  are  much  larger  (  ~  10“  cnrs“  at  95  K)  in  keeping  with  previous 
data  [44,45]  and  with  general  expectations  for  polyatomic  ions  [46]. 
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<*t(HCO+)  and  Q^^(NgH+)  and  their  deuterated  analogues  were  determined  by 
adding  small  amounts  of  CO  and  respectively  into  the  H^+(or  D^+)  after¬ 
glows  whence  rapid  proton  transfer  reactions  occurred  generating  HCO+  and 
»2H+  respectively  as  the  only  ion  species  in  the  afterglow  plasmas.  Rapid 
recombination  was  immediately  observed  with  the  introduction  of  the  CO  or 
Ng  indicating  that  °^.(HCO+)  and  °^.(NgH+)  are  much  greater  than  °^(Hj+) 

(and  similarly  for  the  deuterated  ions) .  The  actual  values  obtained  at 
95  K  are  c*t(HCO+)  =  2.9  x  10-7cm5s-1  tc*  (Hgrf*’)  =  4-9  x  10_7cm5s_1.  CX-% 

(DCO+)  and  od^.(NgD+)  were  insignificantly  different  from  the  values  for 
their  hydrogenated  analogues.  O£^(HC0+)  has  been  measured  at  200  and 
300  K  by  other  workers  [47] »  these  low  temperature  PALP  data  are  not 
inconsistent  with  expectations  from  these  earlier  data.  Addition  of  CH. 

-j  |  .  ■ 

to  the  H,  afterglow  rapidly  generated  CHR  ions  and  hence  °£,  (CH,.  )  was 

j  -6  3  -r  **  5 

readily  determined  to  be  1.5  x  10  cm's  at  95  K,  which  is  quite  typical 

of  for  polyatomic  ions  previously  measured,  albeit  at  higher  temperatures. 
These  PALP  data  are  the  first  data  obtained  for  at  such  low  temueraxures. 

b 

Much  more  still  remains  to  be  done.  The  FALP  technique  also  offers  the 
possibility  of  determining  the  products  of  dissociative  recombination  -  a 
veiy  worthwhile  pursuit  for  the  future. 


Electron  Attachment  Studies 

Electron  attachment  reactions  have  been  studied  for  decades  using  a  variety 
of  techniques.  Much  of  the  early  work  has  been  reviewed  in  the  books  by 
Christophorou  [48]  and  by  Massey  [49]*  Since  the  publication  of  these  books, 
many  research  papers  have  reported  measurements  of  attachment  coefficients 
(designated  here  as  P  in  'units  of  ernes'”' ;  see  the  review  by  Christophorou  et 
al.[50]  and  the  papers  by  Smith  et  al.  [5l]  and  Alge  et  al.  [52]  for  compre¬ 
hensive  references).  Negative  ion  formation  in  electron-molecule  inter¬ 
actions  can  occur  via  a  two-body  process  in  which  fragmentation  (dissociation) 
of  the  molecule  occurs  e.g. 

CC14  +  e  - >  Cl"  +  CClj  (3) 

or  via  a  three-body  interaction  generating  the  negative  ion  of  the  parent 
molecule  e.g. 

02  +  0g  +  e  - >  02"  +  0g  (4) 

Reaction  such  as  (4)  usually  occur  at  appreciable  rates  only  at  relatively 
high  pressures,  although  there  are  exceptions  to  this  (e.g.  SFg  attachment). 
Seme  two-body  reactions  such  as-' (3)  are  exoergic(in  which  case  they  are  loosely 
called  thermal  attachment  reactions) ,  although  this  does  not  mean  that  they 
are  necessarily  rapid  at  thermal  energies  because  often  activation  energy 


Table  1.  Electron  attachment  coefficients,  p( 300  K),  determined  using  the 
PALP  at  300  K. 


Molecule 

CC1. 

4 

SP6* 

CC1..F 

3 

CH,I 

3 

C6P6* 

CE^t2 

P(300K) 

3.9(-7) 

3. 1 (-7) 

2.6(-7) 

1.2(-7) 

1  *  1 (-7 ) 

9-3(-8) 

Product  Ion 

Cl" 

SV 

Cl" 

1“ 

C6F6~ 

Br 

Ea  (meV) 

- 

- 

~-20 

_ 

_ 

^48 

Molecule 

C7F14 

CF^Br 

CHC1, 

3 

Cd2F2 

C12 

CH-Jbr 

3 

P(300  K) 

8. 1 (-8) 

1.6(-8) 

4.4(-9) 

3.2(-9) 

2.0 (-9) 

G(-12) 

Product  Ion 

C7F14 

Br" 

Cl" 

Cl" 

Cl" 

Br" 

Ea(meV) 

42 

86 

120 

150 

50 

307 

The  measurements  were  made  in  helium  carrier  gas  at  a  pressure  of  0.6  Torr. 
The  units  of  p  are  cm's-  and,  for  example,  3*9(-7)  =  3-9  x  10  Reactions 
with  the  molecules  marked  with  an  asterisk  are  presumably  saturated  three- 
body  attachment  reactions  since  the  parent  ions  are  the  observed  products 
and  so  the  p  are  the  equivalent  two-body  attachment  coefficients.  All  of 
the  other  reactions  proceed  via  dissociative  attachment  giving  the  product 
ions  indicated.  The  P  values  for  several  of  the  reactions  increase  with 
increasing  temperature  (see  Pig. 4)  and  then  the  activation  energies,  Ea 
(given  in  milli-electronvolts  (meV))  have  also  been  obtained. 
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'barriers  exist  (see  below).  Endoergic  (non- thermal)  two-body  attachment 
reactions  are  those  which  have  threshold  energies  for  dissociative  electron 
attachment  such  as  the  e  +  0^  0“  +  0  reaction. 


* 


The  variable- temperature  PALP  is  very  suitable  for  the  study  of  thermal 

attachment  reactions  ,  that  is  for  the  determination  of  0  coefficients  and 

Low  they  vary  with  temperature  under  truly  thermal  conditions.  The  product 

negative  ions  are  also  readily  identified  in  the  experiments.  The  principle 

of  the  method  is  straightforward;  controlled  amounts  of  the  attaching  gas 

are  introduced  into  the  thermalised  He+/Ar+  afterglow  (see  previous  section) 

and  the  density  gradient  of  electrons  (^ng^)z)  is  monitored  in  the  usual 

manner.  Two  practical  points  which  must  be  recognised  if  accurate  values 

of  0  are  to  be  obtained  are  the  following.  Firstly,  ng  must  be  sufficiently 

small  so  that  any  molecular  positive  ions  formed  in  reactions  of  He+  or  Ar+ 

with  the  attaching  gas  cannot  recombine  with  electrons  at  a  significant  rate 

(and  therefore  contribute  to^n^^z).  Secondly,  ng  must  be  much  smaller 

than  n^,  'the  number  density  of  attaching  molecules  in  the  afterglow,  so  tnat 

Ujj,  is  invariant  with  z  (i.e.  c) n /  c)  z  =  0),  otherwise  daxa  inxerpreiaticr. 

would  be  prohibitively  difficult.  These  constraints  place  a  practical 

-11  3  -1 

lower  limit  of  '"^10  cm  s  on  the  value  of  0  which  can  be  accurately 
measured.  When  these  potential  difficulties  are  avoided,  the  loss  of 
electrons  is  only  via  ambipolar  diffusion  and  attachment,  and  then  : 


<)n 

V  - H. 

* 


I) 

a 


0n  n 
e  m 


(5) 


This  equation  cannot  be  solved  analytically  to  give  n  (z)  because  D  is  a 

G  2L 

function  of  n_/ne.  However,  Oskam  [53]  and  Biondi  [54]  have  shown  how 
ne(z)  can  be  obtained  when  negative  ion  formation  is  occurring.  Thus  : 


where  =  L^/ A  (D^  is  the  diffusion  coefficient  in  the  absence  of 
negative  ions,  A.  is  the  characteristic  diffusion  length  of  the  flow  tube), 

=  0nfflf  Vp  is  the  plasma  flow  velocity  and  ne(o)  is  the  electron  density 
at  the  position  of  entry  of  the  attaching  gas  into  the  plasma.  When 
^  «  V  equation  (6)  reduces  to  a  single  exponential  solution  and  the 
derivation  of  0  from  the  ne(z)  data  is  easy.  In  practice,  however,  this 
condition  cannot  be  realised  and  so  ne(s)  is  first  determined  in  the  absence 
of  attaching  gas  to  derive  uj),  «e(*)  then  determined  for  given  values  of  n^ 
and  then  i»a  (and  hence  0)  is  obtained  by  computer  fitting  ne(z)  according 
to  equation  (6). 
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Arrhenius  plots  (in  p  versus  l/T)  derived  from  FALP  data  for 
the  attachment  reactions  of  electrons  with  .  ,CF,Br,  CHCl^, 
CClpFpj  Clp  and  CH,Br.  The  slopes  of  the  lines  provide  values 
for  xne  activation '’energies,  Ea,  for  the  reactions  and  these 
values  are  given  in  Table  1 .  The  dashed  line  describes  Pmax= 
5  x  10"7(300/T)2cm5s_1  which  (following  Warman  and  Sauer  [55] 

?ives  the  approximate  upper  limit  values  of  P  for  any  reaction 
a  more  sophisticated  treatment  has  been  given  by  Klots  [56], 
see  text). 


The  twelve  molecular  gases  included  to  date  in  PALP  studies  of  electron 
attachment  are  given  in  Table  1  together  with  the  measured  p  values  at 
300  X  arranged  in  order  of  their  magnitudes.  They  range  from  the  very  large 
P(CC14)  =  3.9  x  10-7  cm ^s  ^  to  that  for  P^CHjBp)  which  is  some  five  orders- 
of-magnitude  smaller.  The  measured  p(CCl4)  is  near  to  the  theoretical 
maximum  for  electron  attachment  which  is  given  by  Warman  and  Sauer  [33]  as 
Pmax^  5  x  10_7(300/T)^cm5B_1,  a  result  obtained  from  a  consideration  of 
the  electron  de  Broglie  wavelength.  A  more  sophisticated  theoretical 
treatment  by  Klots  [56]  yields  a  value  for  pfCCl^)  of  3*29  x  10_7cm^s“^  at 
room  temperature .  p(CCl4)  exhibits  a  weak  inverse  temperature  dependence 
within  the  range  200  to  600  K(the  temperature  range  over  which  most  of  these 
PALP  attachment  studies  were  carried  out).  However,  the  p  values  for  the 
reactions  involving  several  of  the  other  molecular  gases  increased  markedly 
with  increasing  temperature.  This  is  attributed  to  energy  barriers  in  these 
reactions  and  the  associated  activation  energies,  E_,  have  been  estimated 

a 

from  the  slopes  of  the  Arrhenius  plots  shown  in  Fig.  4.  The  E„  values  range 

from  about  20  meV  for  the  CCl^P  reaction  to  307  meV  for  the  CE*Br  reaction 

(see  Table  l).  The  manifestation  of  the  large  value  for  E  (CE-3r^  is  the 

2  D 

rapid  increase  in  p(CH^Br)  with  increasing  temperature.  The  origin  of 
activation  energy  barriers  in  these  attachment  reactions  has  been  discussed 
by  Wentworth  et  al.[57]  and  Christodoulides  et  al.[58]. 

To  date, all  except  three  of  the  reactions  included  in  the  PALP  studies 
proceed  via  dissociative  attachment  with  the  production  of  atomic  negative 
ions  (see  Table  l).  The  three  exceptions  are  the  SFg,  C^Fg  and  C7F14  • 
reactions  in  which  the  parent  negative  ions  SF^- ,  C^Fg  and  CyF^  respectively 
are  the  products.  Presumably,  therefore,  these  are  three-body  reactions 
involving  first  the  binary  attachment  of  an  electron  to  the  molecule  followed 
by  a  collision  of  the  excited  negative  ion  with  a  helium  carrier  gas  atom: 

e.g.  SFg  +  e  - >  (SP6~)* - -He>  SPg'  +  He*  (7) 

Actually,  above  300  K,SF^-  becomes  an  increasingly  important  product  of  the 
SFg  reaction.  Detailed  studies  of  Fehsenfeld  [59]  have  shown  that  Ea=0.43  eV 
for  SF^-  production. 

The  values  of  P  derived  from  these  studies  are  considered  to  accurate  to 
-1596  within  the  range  200  to  400  X  and  ^20%  at  the  higher  temperatures  (up 
to  600  K).  Further  details  of  the  result  of  these  studies  are  given  else¬ 
where  [51,52]  together  with  comparisons  of  these  FALP  data  with  corresponding 
P  and  E_  values  obtained  from  other  studies.  Veiy  rarely  have  reliable  p 
and  Ea  values  been  obtained  previously  in  the  same  experiment.  This  is  the 
great  advantage  of  the  FALP. 


Ion-Ion  (or  ionic)  recombination  describes  reactions  in  which  a  positive  ion 
and  a  negative  ion  neutralize  each  other.  This  can  occur  (i)  in  a  two-body 
collision  (binary  mutual  neutralization)  such  as 

N0+  +  NOg”  - >  NO  +  NOg  (8) 

which  is  usually  considered  to  involve  only  electron  transfer  at  a  pseudo¬ 
crossing  of  potential  curves  [60]  or  (ii)  in  an  interaction  in  which,  prior 
to  neutralization,  collisions  occur  between  the  reactant  ions  and  neutral 
third  bodies  (i.e.  the  bath  gas  atoms  or  molecules  in  which  the  reaction  is 
occurring)  resulting  in  the  dissipation  of  energy  as  the  ions  accelerate  in 
their  mutual  Coulombic  field.  This  process  is  usually  referred  to  as  three- 
body  ionic  recombination  [61,62]  and  is  written  as,  for  example, 

N0+  -t  NOg-  +  He  - products  +  He  (9) 

This  process  (9)  is  less  well  defined  than  mutual  neutralization  and  can 
involve  ion-ion  coalescence  and  chemical  bond  disruption  and  formation.  A 
further  process  known  as  collision-enhanced  mutual  neutralization,  which 
combines  the  essential  features  of  (i)  and  (ii),  has  also  been  identified  ['o]. 

The  PALP  is  essentially  a  low  pressure  experiment  (in  relation  to  ionic  re¬ 
combination)  and  so  the  most  detailed  FALP  studies  have  been  of  the  two-body 
process.  The  major  motivation  for  such  studies  has  been  to  provide  critical 
data  for  tropospheric  and  stratospheric  ion  chemical  models  and  to  this  end 
most  of  the  initial  FALP  work  was  directed  towards  ionic -recombination  re¬ 
actions  involving  atmospheric  ions.  Prior  to  the  FALP  work,  no  reliable 
data  at  thermal  energies  were  available  relating  to  this  important  class  of 
ionic  interactions,  although  data  were  available  at  higher  energies  from 
merged  beam  studies  [60]. 

For  FALP  studies  of  ionic  recombination  it  is  necessary  to  create  afterglow 
plasmas  devoid  of  electrons  and  only  containing  the  desired  species  of 
positive  and  negative  ions.  Then  either  n+(z)  or  n_(z)  (or  preferably  both) 
are  measured  from  which  the  ionic  recombination  coefficients,  06^,  are 
determined  in  the  same  way  as  the  electronic  recombination  coefficients, 
o^e,  are  determined  (see  equation  (2)  et  seq.)  i.e.  from  reciprocal  n_  (  or  n+) 
versus  z/vp  plots.  Sample  plots  for  two  reactions  having  very  different  0^ 
are  shown  in  Fig. 5.  I*  is  also  essential  (as  in  the  electronic  recombination 
studies)  to  ensure  that  ru  and  n_  are  sufficiently  large  that  ionic  re- 
combination  dominates  over  ambipolar  diffusion  in  the  ion-ion  plasmas. 

These  ion-ion  plasmas  are  created  by  adding  sufficient  quantities  of 
appropriate  electron  attaching  gases  to  the  thermalised  afterglows. 


(cm5) 


Time  (ms) 


Reciprocal  ion  density  versus  time  (=  z/v_)  plots  obtained  at  500  K 
using  the  PALP  technique  for  N0+  +  NO2-  and  Ar+  +  F"  ion-ion  plasmas 
The  data  were  obtained  in  argon  carrier  gas  (rather  than  the  usual 
helium  carrier  gas)  in  order  to  minimise  loss  of  ions  by  ambipolar 
diffusion.  The  steeper  slopes  of  the  line  relating  to  the 
molecular  ion  plasma  results  from  ion-ion  recombination  and  provides 
a  value  for  the  recombination  coefficient,  for  this  reaction. 
This  contrasts  with  the  line  of  shallower  slope  for  the  atomic  ion 
plasma  from  which  only  an  upper  limit  to  ©<L^  for  the  Ar+  +  F" 
reaction  can  be  obtained  since  the  loss  of  ions  is  predominantly  via 
ambipolar  diffusion  (see  text  and  Table  2). 


Familiarity  with  ion-molecule  reactions  and  electron  attachment  reactions 
is  invaluable  in  creating  such  plasmas ,  but  also  the  mass  spectrometer  is 
essential  to  identify  the  positive  and  negative  ions  present  in  the  plasmas. 
In  order  to  determine  n_^  or  n  from  Langmuir  probe  data,  it  is  necessary  to 
know  m+  and  m  (the  ionic  masses  as,  if  course ,  it  is  necessary  to  know  mg 
ng  determinations) .  The  essential  details  of  these  aspects  of  the 
technique  are  given  in  an  early  paper  [64]  and  in  a  recent  review  [65]. 

Many  ionic  recombination  reactions  have  been  studied  involving  positive  and 
negative  ions  of  varying  complexity,  including  reactions  involving  •simple' 
molecular  ions  (e.g.  N0+,  0 ^+,  NO^  ,  NO^  )[66-69]  'cluster'  ions  (e.g. 

NO^  [68,70-72]  and  atomic  ions  (e.g.  Ar+,  Cl-)[69]. 

Much  attention  has  been  given  to  reaction  (8)  .  The  o^for  this  reaction  was 
first  measured  at  300  K  [66]  and  then  as  a  function  of  temperature  which 
showed  that  it  varied  as  T-^  [71]  in  accordance  with  theoretical  predictions 
[73].  Emission  spectroscopy  was  then  used  to  establish  that  the  energy- 
released  in  the  reaction  was  largely  converted  into  electronic  excitation 
of  the  product  NO  [74]. 

A  few  representative  og  for  reactions  involving  both  'simple'  ar.d  'cluster' 
ions  are  given  in  Table  2  where  it  can  be  seen  that  there  is  remarkably  little 
variation  of  with  the  complexity  of  the  reaction  molecular  ions  (see  the 
recent  review  [65]  for  a  detailed  list)  ranging  only  from(3-10)  x  10-8cm5s-1 
at  300  K.  The  most  recent  measurements  of  have  been  for  the  relatively 
sinqple  reactions  0 2+  +  Cl  and  N0+  +  Cl  (unpublished  data) .  For  these 
reactions,  the  are  the  smallest  measured  to  date  for  any  reaction 
involving  molecular  ions.  The  magnitudes  of  for  reactions  involving 
only  atomic  ions  are,  in  general,  much  smaller  because  of  the  sparcity  of 
available  energy  levels  in  the  neutral  atomic  products  into  which  the 
majority  of  the  reaction  energy  must  be  deposited  [75]*  Indeed,  the  binary 
OC  expected  for  most  of  these  reactions  are  too  small  to  be  measured  using 
the  PALP  and,  to  date,  only  upper  limits  to  for  several  such  reactions 
have  been  determined  (see  Fig. 5  ami  the  examples  in  Table  2). 


The  large  majority  of  the  ionic  recombination  reactions  studied  in  the  FALP 
have  been  carried  out  in  helium  carrier  gas  at  pressures  below  one  Tom. 

That  the  are  independent  of  pressure  in  this  regime  identifies  the 

recombination  as  a  two-body  process.  Two  reactions  (i.e.  N0+  +  NO2  - 

products  and  SFj+  +  SF^- — products)  have  been  studied  in  helium  up  to 
pressures  of  eight  Torr  and  the‘o4^  are  observed  to  increase  with  pressure 
more  rapidly  than  expected  on  the  basis  of  much  higher  pressure  data  [65,76]- 
This  has  been  interpreted  as  a  manifestation  of  the  phenomenon  of  collision- 
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Table  2.  Some  examples  of  two-body  ion-ion  recombination  coefficients,  , 
determined  using  the  FA1P  at  300  K. 


(a) 


(b) 


(c) 


Reaction 

x  lO^cm^s"^ 

<^7  x  1012cm' 

N0+  +  N02" 

6.4 

1.1 

SF5++  SFg- 

3.9 

1-3 

ci2++  Cl" 

5.0 

1.0 

°2+  +  coi 

9.5 

1.7 

h3o+(h2o)3  +  no3' 

5-5 

1.5 

nh4+(ne5)2  +  Cl" 

7.9 

l.i 

B30+(H20)3  +  N03".HN03 

5-7 

1.5 

Ar+  +  F~ 

-c.0.2 

-CO. 04 

Xe+  +  Cl" 

^0.5 

co.07 

(a)  one  (or  both)  of  the  reactant  ions  is  a  'simple'  molecular  ion, 

(b)  one  (or  both)  of  the  reactant  ions  is  a  'cluster'  ion,  (c)  both 
reactant  ions  axe  atomic.  Comprehensive  lists  of  06^  ,  values  axe  given  in 
Refs.  65  and  69.  Note  the  very  large  mean  thermal  cross  sections,  CT7, 
for  these  reactions  which  have  been  determined  by  dividing  cCj,  by  the  mean 
relative  velocity  between  the  reactants  at  300  K.  Note,  also,  the  relative 
insensitivity  of  (and  especially  <7“^)  to  the  complexity  of  the  reactant 
molecular  ions,  and  the  relating  small  values  of  and  C7"7  when  both 
reactant  ions  are  atomic. 


enhanced  "binary  recombination  referred  to  earlier  in  this  section,  although 
much  more  work  is  required  to  substantiate  this. 


7 ,  S>™rnaTy 

The  exploitation  of  the  variable  temperature  FALP  apparatus  is  only  just 
beginning.  Data  acquisition  using  a  microcomputer  is  now  fast  and 
accurate  and  optical  viewports  have  been  included  at  several  positions  along 
the  flow  tube.  Thus  unique  opportunities  exist  to  study  in  detail 
electronic  and  ionic  recombination,  electron  attachment.  Penning  processes 
etc.  over  a  wide  temperature  range,  including  the  determination  of  the 
rate  coefficients  for  these  processes  and  -  via  radiation  emission  studies- 
the  states  of  excitation  of  the  product  ions  or  neutrals  of  some  of  these 
reactions.  Also,  a  SIFT-type  ion  injector  has  now  been  added  to  the  FALP 
thus  providing  the  opportunity  to  inject  mass-analysed  ion  beams  into 
afterglow  plasmas.  If  this  can  be  achieved, it  will  enormously  expand  the 
range  of  ionic  reaction  which  can  be  studied  and  will  result  in  a  further 
growth  in  the  understanding  of  thermal  energy  reaction  processes. 


Acknowledgments 


We  gratefully  acknowledge  the  major  contribution  made  by  Dr.  Erich  Alge 
to  this  work  during  the  last  three  years. 


References 


1.  McDaniel, E.W.  ,Mason,E. A. :  The  Mobility  and  Diffusion  of  Ions  in  Gases, 

New  York:  Wiley.  1973. 

2.  Ferguson, E.E.  ,Fehsenfeld,F.C. , Schmeltekopf  ,A.L. :  Adv.  Atom. Mol. Phys. 1 
(1969). 

3»  Smith, D. , Adams, N.G.  In  :  Gas  Phas  Ion  Chemistiy,  Vol.1  (Bowers, M. T. , Ed. )  , 
p.1  New  York:  Academic  Press.  1979. 

4.  AdamSjN.G.,  Church, M.J.,  Smith, D.  :  J.Phys.D.8,  1409  ( 1975)  • 

5.  Farragher,  A.L.  :  Trans. Faraday  Soc.  66,  1411  0970). 

6.  Smith,  D.,  Adams,  N.G.,  Dean,  A.G.,  Church,  M.J.  :  J.Phys.D.8,  1 4 1  ( 1 975)  - 
7-  Alge,  E.,  Adams,  N.G.,  Smith,  D.  :  J.Phys.  B.  1_6,  1433  09837* 

8.  Swift,  J.D. ,  Schwar,  M.J.R.  :  Electrical  Probes  for  Plasma  Diagnostics, 
London  :  Iliffe.  1970. 

9.  Goodall,  C.V.,  Smith,  D.  :  Plasma  Phys.  .10,  249  (1968). 

10.  Smith,  D.,Goodall,  C.V.,  Copsey,  M.J.  :  J.Phys.  B.  Ser.  2,1.,  660  (1968). 

11.  Smith,  D.,  Plumb,  I.C.  :  J.  Phys.  D.  2*  1226  (1972). 

12.  Smith,  D.  s  Planet.  Space  Sci.  20,  1717  (1972). 

13*  Smith,  D. ,  Plumb,  I.C.  :  J.  Phys.  D.  6,  196  (1973)* 

14.  Smith,  D. ,  Church,  M.J.  :  Int.  J.Mass  Spectrom.  Ion  Phys.  1_2.>  185  (1976). 

15.  Smith,  D. ,  Church,  M.J.,  Miller,  T.M.  :  J.Chem.  Phys.  68,  1224  (1978). 

16.  McDaniel,  E.W.  :  Collision  Phenomena  in  Ionized  Gases,  New  York  :  Wiley. 

■>964. 

17*  Dean,  A.G.,  Smith,  D. ,  Adams,  N.G.  :  J.Phys.  B.  2*  644  (1974). 

18.  Smith,  D.,  Dean,  A.G.  :  J.Ph^B.  B.  8  ,  997  0  975)* 

19*  Dean,  A.G.,  Smith,  D.  s  J. Atmos* Terres.  Phys.  21*  1419  (1975)* 

20.  Smith,  D. ,  Copsey,  M.J.  :  J.Phys.  B.  Ser. 2,  1.*  650  0968). 


21.  Biondi,  M.A. In  :  Applied  Atomic  Collision  Physics,  V0I.3  (Massey ,H.S.W. , 
Bederson,  B.f  McDaniel,  E.W.  Eds.)  p.173»  New  York  :  Academic  Press.  1982. 

22.  Smith,  D. ,  Adams,  N.G.In  :  Topics  in  Current  Chemistry,  Vol.89  (Veprek, 

S.,  Venugopalan,  M.Eds.)  p.1,  Berlin  s  Springer-Verlag.  1980. 

23.  Smith,  D. ,  Adams,  N.G.:  Int.  Revs.  Phys.Chem.  1_,  271  (1981 ) 

24.  Prommhold,  L.,  Biondi,  M.A. ,  Mehr,  P.J.  :  Phys.Rev.  165.  44  (1988). 

25.  Weller,  C.S.,  Biondi,  M.A.  s  Phys.  Rev.  172.  198  (1968). 

26.  Walls,  P.L.,  Dunn,  G.H.  s  J.Geophys.  Res.  Jl,  1911  (1974). 

27.  Heppner,  R.A.,  Walls,  F.L.,  Armstrong,  W.T. ,  Dunn,  G.H.  :  Phvs.Rev.A1 3, 

1000  (1976). 

28.  Auerbach,  D.,Cacak,  R.,  Caudano,  R. ,  Gaily,  T.D. ,  Keyser,  C.J.,  McGowan, 

J .Vm. ,  Mitchell,  J.B.A.,  Wilk,  S.P.J.  :  J.Phys.  B.  _10,  3797  (1977). 

29.  Kasner,  W.H. ,  Biondi,  M.A.  :  Phys.  Rev.  174.  139  (1978). 

30.  Mehr,  F.J.,  Biondi,  M.A.  :  Phys.Rev.  181 .  264  (1969). 

31.  Mul,  P.M. ,  McGowan,  J.Wm.  :  J.Phys.  B.  _12,  1591  C 1979) » 

32.  Albritton,  D.L.  In  :  Kinetics  of  Ion-Molecule  Reactions,  (Ausloos,P.Ed.) 
p  119.  New  York  :  Plenum  Press.  1979* 

33-  Lindinger,  W.,  Howorka,  F.,  Lukac,  P.,  Kuhn,  S. ,  Villinger,  H.,  Alge,E., 
Ramler,  H.  :  Phys.Rev.  A25.  2319  (1981). 

34.  Huang,  C-M.,  Biondi,  M.A.,  Johnsen,  R.  :  Phys.Rev.  All ,  901  (1975). 

35-  Torr,  M.R. ,  St.Maurice,  J.P.,  Torr,  D.G.  :  J.Geophys.  Res. 82,  3287(1977). 
36.  Huang,  C-M.,  Biondi,  M.A. ,  Johnsen,  R.  :  Phys.  Rev.  Aid,  98I  (1976). 

37*  Leu,  M.T.,  Biondi,  M.A.,  Johnsen,  R.  :  AJ,  292  (1973)  * 

38.  Mul,  P.M.,  McGowan,  J.Wm.,  Defrance,  P.,  Mitchell,  J.B.A.  :  J.Phvc.  1. 

16,  3099  (1983). 

39.  Herbst,  E. ,  Klemperer,  W.  :  Ap.J.  185,  505  (1973). 

40.  Dalgamo,  A.,  Black,  J.H.  :  Rept.Prog.  Phys.  573  (1976). 

41.  Adams,  N.G.,  Smith,  D. ,  Alge,  E.  :  in  preparation. 

42.  Lindinger,  W. ,  Schmeltekopf ,  A.L. ,  Fehsenfeld,  F.C.  :  J. Chem. Phys.  61 , 

2890  (1974). 

43-  Albritton,  D.L.  :  Atom. Data  Nucl.Data  Tables  22,  1  (1978). 

44.  Leu,  M.T.,  Biondi,  M.A.,  Johnsen,  R.  :  Phys.  Rev.  A8,  413  0973). 

45-  MacDonald,  J.A. ,  Biondi,  M.A. ,  Johnsen,  R.  :  American  Gaseous  Electronics 
Conf.  Dallas,  Texas,  19-22  Oct.  1982. 

46.  Biondi,  M.A.  :  Comments  Atom.Molec.  Phys.  4.,  85  ( 1973)  - 

47*  Leu,  M.T. ,  Biondi,  M.A.,  Johnsen,  R.  :  Phys.  Rev.  A8,  420  ( 1973)  • 

48.  Christophorou,  L.G.  :  Atomic  and  Molecular  Radiation  Physics,  London  : 
Wiley  -  Interscience.  1971* 

49*  Massey,  H.S.W.  :  Negative  Ions,  3rd  Edition,  Cambridge  :  Cambridge 
University  Press.  1976. 

50.  Christophorou,  L.G.,  James,  D.R.,  Pai,  R.Y.  In  :  Applied  Atomic  Collision 
Physics,  V0I.5  (Massey,  H.S.W. ,  McDaniel,  E.W.,  Bederson,  B.  Eds.)p.87, 

New  York  :  Academic  Press.  1982. 

51.  Smith,  D. ,  Adams,  N.G.,  Alge,  E.  :  J.Phys.  B.  (1984)  in  press. 

52.  Alge,  E.,  Adams,  N.G.’,  Smith,  D.  :  in  preparation. 

53-  Oskam,  H.J.  :  Philips  Res.Rept.  1_J,  335  (1958). 

54.  Biondi,  M.A.  :  Phys.  Rev.  10£,  2005  (1958). 

55.  Wanman,  J.M.,  Sauer,  M.C.Jr.  :  Int.  J.  Radi  at.  Phys.Chem.  j£,  273  ( 197 1 )  - 

56.  KLots,  C.E.  :  Chem.  Phys.  Lett.  _28,  61  (1976). 

57-  Wentworth,  W.E.,  George,  R.,  Keith,  H.  :  J. Chem. Phys.  _51,  1 79 1  (1969). 

58.  Christodoulides,A.A. ,  Schumacher,  R.,  Schindler,  R.N.  :  J.Phys. Chem. 

31,  1904  (1975). 

59-  Fehsenfeld,  F.C.  s  J.Chem.  Phys.  H,  2000  (1970). 

60.  Moseley,  J.T.,  Olson,  R.E.,  Peterson,  J.R.  In  :  Case  Studies  in  Atomic 
Physics,  Vol.5  (McDowell,  M.R.C.,  McDaniel,  E.W.  Eds.)  p.1,  Amsterdam  : 
North  Holland  Publ.  Co.  1975- 

61.  Mahan,  B.H.  In  :  Advances  in  Chemical  Physics,  Vol.23  (Prigogine,I. , 

Rice,  S.A.  Eds.)  p.1.  New  York  s  Wiley.  1973* 

62.  Flannery,  M.R.  In  :  Applied  Atomic  Collision  Physics  Vol.3  (Massey , H.S.W. , 
Bederson,  B.,  McDaniel,  E.W.EdB.)  p.141»  New  York  :  Academic  Press. 1982. 


-  121  - 


► 

f 

63.  Bates,  B.R.  :  J.Phys.  B.  11*  4207  (l98l). 

64.  Smith,  B. ,  Bean,  A.G.,  AdamB,  N.G.  :  J.Phys.  B.  2*  1944.  (1974). 

65.  -Smith,  B. ,  Adams,  N.G.  In  :  Physics  of  Ion-Ion  and  Electron-Ion 
Collisions  (Brouillard,  F. ,  McGowan,  J. Win. Eds. )  p. 501 ,  New  York  sPlenum 

1983. 

66.  Smith,  B.,  Church,  M.J.  :  Int.J.Mass  Spectrom.  Ion  Phys.  1 185  ( 1976) 

67.  Church,  M.J.,  Smith,  B.  :  Int.J.Mass  Spectrom. Ion  Phys.  21,  137  (1977). 

68.  Smith,  B.,  Church,  M.J.,  Miller,  T.M.  s  J.Chem.Phys.  68,  1224  (1978) . 

69.  Church,  M.J . ,  Smith,  B.  s  J.Phys.  B.  11.,  2199  (1978). 

70.  Smith, -B.t  Adams,  N.G.,  Church,  M.J.  :  Planet- Space  Sci.24,  697  (1978). 

71.  Smith,  B. ,  Church,  M.J.  :  Planet.  Space  Sci.  25,  433  ( 19777* 

72.  Smith,  B. ,  Adams,  N.G.,  Alge,  E.  :  Planet. Space  Sci.  22,  449  (l98l). 

73.  Olson,  R.E.  :  J.Chem.  Phys.  £6,  2979  (1972). 

74.  Smith,  B.,  Adams,  N.G.,  Church,  M.J.  s  J.Phys.  B.  21*  4041  (1978). 

75*  Olson,  R.E.  :  Combustion  and  Flames  10,  243  (1977). 

76.  Smith,  B.,  Adams,  N.G.  :  Geophys.  Res.  Lett.  2.,  1085  (1982). 


* 


